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Abstract 
 
The Function and Regulation of Sleep in Drosophila melanogaster 
 
Vanessa Maria Hill 
 
  
A key feature of sleep is reduced responsiveness to the environment, which puts 
animals in a particularly vulnerable state; yet, sleep has been conserved throughout 
evolution, indicating that it fulfills a vital purpose. A core function of sleep across species 
has not been identified, but substantial advances in sleep research have been made in 
recent years using the genetically tractable model organism, Drosophila melanogaster. 
While a standard approach in sleep research is to study the effects of short-term sleep 
deprivation on an animal, tools are now available to genetically manipulate sleep 
amount in the fruit fly. In particular, a number of short-sleeping Drosophila mutants have 
been identified that model the long-term sleep restriction that is widespread in modern 
society. This thesis describes a body of work in which short-sleeping Drosophila 
mutants, as well as other genetic and pharmacological tools, were used to shed light on 
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Chapter I: Introduction 
 
Though humans have been speculating on sleep since ancient times, it still remains one 
of our most mysterious behaviors. Ancient people were intrigued by sleep because its 
main behavioral features—lack of movement and failure to respond to the 
environment—parallel death. In Greek mythology, sleep is personified by Hypnos who 
lives in the underworld with his twin brother, Thanatos, the god of death [1]. The idea 
that sleep represents a death-like state persisted even into the 1800’s, with Robert 
MacNish’s “Philosophy of Sleep,” in which he explains that “sleep is a temporary 
metaphysical death” [2].     
Scientific explanations for the cause of sleep arose during antiquity, but were 
largely unquestioned until modern day. The first sleep mechanism was proposed in 6th 
century BCE by Alcmaeon who believed that sleep occurs when blood retreats to the 
internal organs [1]. Two centuries later, Aristotle hypothesized that stomach vapors rise 
to the brain during digestion, and the cooling of these vapors triggers sleep [1]. 
Remarkably, variations of the stomach vapor theory survived for over two millennia 
before the birth of neuroscience and the discovery of new technology led to a surge of 
sleep research in the 20th century. 
 The idea of a hypnotoxin, or a sleep-inducing toxin that accumulates in the brain 
during wake and interferes with neuronal function, emerged in the early 1900’s with the 
work of Ishimori [3] and Legendre and Piéron [4]. Both groups independently discovered 
that cerebrospinal fluid extracted from sleep deprived dogs promptly induces a deep 
sleep when injected into other dogs. These findings sparked the quest for a sleep-
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promoting factor that researchers believed would unearth the mechanisms underlying 
the function and regulation of sleep.  
 Over the past century, considerable advances have been made in our 
understanding of sleep. The development of the electroencephalogram (EEG) led to the 
discovery of different sleep states and stages; the discovery of the circadian system 
shed light onto one branch of sleep regulation; and researchers began to identify genes 
that influence sleep. Despite this rapid progress in sleep research, the function of sleep 
and the second branch of sleep regulation (sleep homeostatic mechanisms) still remain 
unclear. 
 Since our transition into industrialized society, artificial lighting and 24-hour 
access to entertainment, food, and stimulants has made insomnia and sleep restriction 
a growing problem [5]. Health consequences such as diabetes and heart disease, two 
of the top ten leading causes of death in the US [6], have been linked to sleep restriction 
[7,8]. Lastly, sleep disturbances have been shown to precede the development of 
neurodegenerative diseases such as Alzheimer’s Disease [9], another leading cause of 
death. Thus, there is a great need to further our understanding of sleep, and for the first 
time in history, there is a wealth of tools available to do just such. 
 This introductory chapter will address the universality of sleep, with emphasis on 
sleep in the fruit fly. It will summarize our current understanding of sleep regulation, 
present prevalent theories on the function of sleep, and highlight a somewhat forgotten 
theory: The Free Radical Flux Theory of Sleep. Chapter II will present data in support of 
a bi-directional relationship between sleep and ROS, and Chapter III will dive deeper 
into the total body of work on this topic, providing additional data in support of Chapter II 
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while also addressing experimental challenges and confusing data. A side project on 
the effect of social isolation on immunity will be presented in Chapter IV. Chapter V will 
include a more detailed discussion and future directions.  
 
The Universality of Sleep 
 
Defining Sleep 
While immobility is the most obvious behavioral characteristic of sleep, lack of 
movement does not distinguish a sleeping animal from one that is simply resting or in 
another physiological state, such as hibernation. In mammals and birds, sleep has been 
defined by characteristic changes in brain activity that can be recorded by an EEG. For 
instance, the deepest stage of sleep, called slow wave sleep, occurs during non-rapid 
eye movement (NREM) sleep, and features prominent delta waves in the 0.5-4.5 Hz 
range [10]. However, EEG recordings cannot easily be done in some species, including 
invertebrates. Thus, starting with Piéron’s observations in 1913, and with several 
additions from others over the past century, scientists have developed a set of 
behavioral criteria that define sleep. An animal is said to sleep only if it 1) demonstrates 
reversible immobility, 2) assumes a sleep-specific posture, 3) exhibits increased arousal 
threshold, or reduced reaction to a stimulus and 4) shows a sleep rebound, or a 
recovery period of longer and/or deeper sleep after sleep deprivation [11,12]. The 
behavioral criteria of sleep have been helpful in determining whether sleep exists in 
non-mammalian species.  
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Sleep Across Species 
One feature of sleep that makes it particularly intriguing is its seemingly 
ubiquitous nature. This is especially true when considering how dangerous sleep 
behavior can be. A sleeping animal is vulnerable to predators and other dangers in its 
environment for many hours each day. The fact that animals have evolved such a 
behavior suggests that sleep must fulfill a function that is fundamental to life. This notion 
supports the idea that is shared by many, but not all sleep researchers, that there is a 
core function of sleep across all animal species. If sleep truly is crucial to animal life, 
then we would expect to see sleep behavior in all animal species. Whether or not this is 
the case is still under some debate.  
Prior to 2000, sleep research focused largely on mammals and birds, despite the 
fact that sleep behavior had been described in many simple vertebrate and invertebrate 
species by that time. Campbell and Tobler had examined over 200 studies on various 
species and determined, based on behavioral criteria, that sleep is present in fish, 
reptiles, amphibians, and invertebrates such as the cockroach [11]. Evidence of a sleep 
state in bees [13] and scorpions [14] had also been reported. In the last two decades, 
better technology has provided more extensive evidence of sleep in organisms that 
were once thought to be sleepless: slow wave sleep has been reported in crayfish [15], 
a change in brain state during sleep was demonstrated in fruit flies [16], and varying 
sleep intensity, indicative of sleep stages, has been shown in both honey bees and fruit 
flies [17,18]. As such, sleep research has now expanded into model organisms such as 
the zebrafish [19], fruit fly [20,21], and even the roundworm [22]. 
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Nonetheless, some researchers have argued against the presence of sleep in all 
species [23]. Often, the bullfrog is cited as an animal that does not sleep; yet, the only 
evidence on this comes from a single study conducted in 1967, in which electric shock 
was used as an arousal stimulus, and an increased arousal threshold could not be 
shown during quiescence [24]. Other animals that have been referenced as proof that 
sleep is not universal include a species of coral reef fish that engages in “sleep 
swimming,” which involves continuous movement of the fins while the fish stays in one 
place [25]. Sleep swimming may be necessary to prevent hypoxia of the coral colonies 
within which these fish sleep [25]. While the fish lack complete immobility during sleep 
swimming, they are much more likely to be caught by predators during this behavior, 
suggesting that they do indeed exhibit an increased arousal threshold indicative of a 
sleep state [26]. Sleep swimming is also present in the dolphin, another species in 
which the presence of sleep has been questioned.  
Dolphins exhibit circular swimming, a behavior during which they have been 
shown to be less responsive to stimuli [27]. Circular swimming coincides with 
“unihemispheric sleep,” during which only half of the brain produces the slow waves 
characteristic of deep sleep at one time [28]. This strategy is thought to allow the 
animals to surface for air during sleep, and is shared by other aquatic mammals such as 
porpoises and whales [29]. Unihemispheric sleep is also common across numerous 
avian species, in which it likely serves to reduce the risk of predation during sleep [29]. 
Behavioral observations suggest that certain reptilian species may also rely on 
unihemispheric sleep to watch for predators, but only some of these observations have 
been supported by electrophysiological data [29].  
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Though some have argued against the universal existence of sleep, no group 
has provided convincing evidence of a species that does not sleep [28]. Sleep in reptiles 
and amphibians, including the bullfrog, has proven to be challenging to study, resulting 
in sparse sleep data on these animals. However, Libourel and Herrel recently reviewed 
all the available data and concluded that, despite the 1967 bullfrog study, most reptiles 
and amphibians do fulfill the behavioral criteria of sleep [30]. Sleep-swimming in coral 
reef fish and unihemispheric sleep in dolphins both provide examples of sleep-like 
behavior occurring in the absence of total immobility. The evolution of these particular 
sleep strategies to meet the unique requirements of these species highlights the 
necessity of sleep. These examples also suggest that our current behavioral criteria for 
sleep may require adjustments to account for species that engage in specific 
movements during sleep. While there are examples of species that may not adhere to 
our current behavioral criteria of sleep, the general consensus among sleep researchers 
is that all animals studied have exhibited at least some evidence of sleep behavior [28]. 
 
Sleep in Drosophila 
In 2000, Hendricks [20] and Shaw [21] published independent papers 
establishing Drosophila melanogaster as a viable model system for studying sleep. 
Hendricks reported that Drosophila do indeed assume a specific posture during periods 
of immobility [20]. Using a locomotor activity monitor, in which single flies are housed in 
narrow tubes with infrared beams running across them to detect movement, Hendricks 
and Shaw both determined that flies are immobile for nearly half of their day, and that 
this immobility occurs mostly at night [20,21]. During these periods of immobility, flies 
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are less responsive to physical stimuli, indicating an increased arousal threshold 
[20,21]. Following sleep deprivation by constant mechanical stimulation, Drosophila 
experience a sleep rebound in which they sleep longer than their baseline sleep amount 
[20,21]. Thus, fruit flies fulfill the behavioral criteria of sleep.  
Sleep in the fruit fly has also been shown to have several similarities to sleep in 
mammals. For instance, sleep in Drosophila can be modulated by sleep-effecting drugs 
in the same manner that these drugs affect mammalian sleep. The adenosine A1 
agonist cyclohexyladenosine [20] and the antihistamine hydroxyzine [21], both of which 
are sleep-inducing in mammals, were shown to increase sleep in flies. Other drugs that 
have been shown to modulate sleep in the fruit fly include the wake-promoting stimulant 
Modafinil [31], and the sleep-promoting GABAA agonist Gaboxadol [32,33]. 
Furthermore, Shaw demonstrated a gradual decrease in sleep amount over the lifetime 
of the fly, mirroring the decrease in sleep duration observed as mammals age [21]. 
Shaw also investigated whether the expression of genes known to be modulated by 
sleep in rats are also modulated by sleep in the fly. He found that “waking genes” 
upregulated during spontaneous wake or sleep-deprivation in rats, including the 
electron transport protein encoding gene cytochrome oxidase C and the ER chaperone 
BiP, were also upregulated in awake or sleep-deprived flies.  
 Following these seminal papers by Hendricks [20] and Shaw [21], there has 
been a massive surge in sleep research in the fruit fly. There are numerous advantages 
to using Drosophila as a model system: flies can be grown quickly and in great 
numbers, they are cheap and easy to maintain, and most importantly, they are 
genetically tractable. Within just the past two decades, several sleep-related genes 
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have been identified using Drosophila, and likewise, a number of genetic tools that allow 
for the manipulation of sleep in the fruit fly have been developed.  
The first forward genetic screen for a short-sleeping Drosophila mutant identified 
the voltage-gated potassium channel gene Shaker as a sleep modulating gene [34]. 
Shaker mutants sleep 66% less than wildtype controls and have reduced lifespan [34]. 
A loss-of-function mutation in Hyperkinetic, a regulatory subunit of Shaker, also 
produces a short-sleeping phenotype as well as a learning defect [35]. A separate 
forward genetic screen identified the short-sleeping mutant sleepless, which sleeps 80% 
less than wildtype controls and also exhibits a shortened lifespan [36]. The sleepless 
gene encodes a membrane-bound protein that has been shown to regulate the Shaker 
channel; it was shown later that sleepless also regulates nicotinic acetylcholine 
receptors (nAChR’s) [37]. While the discovery of these mutants supports a role in sleep 
for potassium channels, which help to reduce neuronal excitability by repolarizing the 
membrane after an action potential, other short-sleeping mutants have implicated 
neurotransmitters and even a protein degradation pathway in the regulation of sleep.  
The dopamine transporter (DAT) clears excess dopamine, a wake-promoting 
neurotransmitter, from the synaptic cleft. Thus, it is fitting that a mutation in DAT, named 
fumin or sleepless in Japanese, results in a dramatic decrease in sleep [38]. fumin 
mutants are reported to have impaired sleep rebound and a normal lifespan [38], though 
I found fumin mutants to have a shortened lifespan (Appendix I, Fig. 1.1). It has been 
shown that the short-sleeping phenotype in fumin is due primarily to dopamine signaling 
in the dorsal Fan-shaped Body (dFB), a sleep-promoting area of the fly brain [39]. A 
double mutant containing both the fumin mutation and a dopamine receptor 1 (DA1) 
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mutation has normal sleep, but expressing DA1 only in the dFB of these double mutants 
reduces sleep levels back down to those seen in the fumin mutant alone [40], 
suggesting that dopamine signaling specifically in the dFB promotes wake. Direct 
activation of the dFB by expressing the sodium bacterial channel construct NaChBac or 
the heat activated calcium channel TrpA under a dFB promoter has been shown to 
induce sleep [39].  
Another sleep mutant with altered neurotransmitter signaling is the short-sleeping 
mutant redeye, which carries a loss of function mutation in the nAChR subunit α4 and 
sleeps 50% less than controls [41]. Acetylcholine signaling is typically considered wake-
promoting; nAChR’s are cation channels that excite neurons when activated, and in 
mammals ACh is known to be released when animals are awake [42]. Moreover, the 
Sleepless protein promotes sleep in part by antagonizing nAChR’s to reduce excitability 
in Drosophila [37]. However, since loss of function of nAChRα4 promotes wake in 
redeye mutants, this particular nAChR subunit may be enriched in sleep promoting 
neurons where it normally functions to promote sleep.      
More recently, a short-sleeping mutant named insomniac (inc) that sleeps 65% 
less than wildtype was discovered [43]. inc is thought to encode a BTB-domain adaptor 
protein for Cullin3, an E3 ubiquitin ligase that is expressed throughout the whole fly [43]. 
While short-sleeping inc nulls have a shortened lifespan, neuron specific expression of 
inc-RNAi produces a short-sleeping phenotype and a normal lifespan [43,44]. The 
lifespan difference between inc nulls and neuronal inc-RNAi flies suggests that inc 
function in the body may be important for overall health, but not for the regulation of 
sleep. Brain specific cullin3 (cul3) RNAi also results in a similar short-sleeping 
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phenotype [43]. While it is difficult to predict how reduced activity of inc or cul3, which 
function mainly in protein degradation, would affect sleep, it has been proposed that 
Inc/Cul3 proteins may target dopamine receptors for degradation, thereby reducing 
excitability [44]. This theory is supported by pharmacological evidence showing that the 
short-sleep phenotype of inc is lost when dopamine levels are reduced in inc mutants by 
feeding an inhibitor of tyrosine hydroxylase, the rate-limiting enzyme in dopamine 
synthesis [44].   
Overall, the expansion of sleep research to include Drosophila has led to a series 
of advances in our understanding of sleep regulation on the genetic level, and has 
resulted in the development of a number of genetic tools and can be used to further this 
understanding in the future.  
 
The Regulation of Sleep 
 
Circadian Regulation of Sleep 
Years before sleep research in fruit flies became mainstream, Drosophila 
genetics were being harnessed to uncover the components of the circadian clock. The 
circadian clock drives the oscillation of various physiological processes over a 24 hour 
period, telling our body when it is appropriate to eat, sleep, etc. A key feature of the 
circadian clock is its endogenous nature—once the clock has been entrained, or set, by 
external cues such as sunlight, it is able to maintain its rhythm in constant conditions 
without external cues from the environment. While the existence of sleep in all animals 
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has been debated, the existence of circadian rhythms in organisms from mammals and 
invertebrates to bacteria and plants has been widely accepted for decades.  
 The first circadian gene, period (per), was discovered by Konopka and Benzer in 
1971 through a forward genetic screen in Drosophila [45]. The per gene interacts with 
three other genes—timeless (tim), clock (clk), and cycle (cyc)—to comprise the core 
autoregulatory feedback loop of the circadian clock in fruit flies. In very simplified terms, 
the clock functions as follows: Clk and Cyc proteins dimerize and enter the nucleus 
where they drive transcription of a number of circadian regulated genes, including per 
and tim; as Per and Tim proteins accumulate, they too dimerize and enter the nucleus, 
inhibiting Clk and Cyc and thereby blocking their own transcription; Per and Tim 
proteins are eventually degraded, lifting the inhibition of their transcription and allowing 
the cycle to begin again. The timing of the process is tightly controlled by a number of 
other proteins that influence the stability of Per and Tim proteins mainly through 
phosphorylation [46]. The output of this circadian feedback loop is continuous cycling of 
countless mRNAs and their protein products, resulting in subsequent cycling of the 
biological processes carried out by these proteins. One major circadian output that can 
easily be measured in mammals as well as flies is locomotor activity, which has 
characteristic peaks and troughs throughout the day.  
Importantly, though the core mammalian homologs differ slightly in name and 
number, the components of the Drosophila molecular clock are largely conserved in 
mammals. Oscillation of per and tim occurs in nearly every tissue in the body, but these 
peripheral clocks are synchronized by the central clock located within a small group of 
pacemaker neurons in Drosophila [46], or in a tiny region of the hypothalamus called the 
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suprachiasmatic nucleus (SCN) in mammals [47]. Synchronization of the peripheral 
clocks to the central clock is thought to occur by the release of a neuropeptide, Pigment 
Dispersing Factor (PDF) in flies [48] or Vasoactive Intestinal Polypeptide (VIP) in 
mammals [49], from a subset of the central clock neurons.  
The circadian clock plays an important role in dictating the timing of sleep. In 
humans, a mutation in per2, one of the mammalian homologs of per, causes Familial 
Advanced Sleep Phase Syndrome (FASPS). Sleep duration is not affected in people 
with FASPS, but sleep onset occurs about 4 hours earlier than average [50]. Less 
dramatic changes in time of sleep onset are caused my natural polymorphisms in clock 
genes, which can determine whether a person is an early rising “lark,” or a late rising 
“owl” [51,52]. Furthermore, lesions in the mammalian SCN or disruption of the core 
clock genes in flies and mammals results in locomotor arrhythmicity, or loss of the 
characteristic daily movement pattern, when animals are kept in constant conditions 
(without environmental cues) [20,53,54].  
In flies, timed secretion of PDF from a subset of the ventral lateral neurons (LNv) 
has a wake-promoting effect, resulting in an anticipatory peak of activity just before 
dawn. Loss-of-function mutations in pdf or it’s receptor pdfr result in increased late night 
sleep [55], while constitutive activation of a group of LNv causes decreased nighttime 
sleep [56]. PDF specifically activates a group of dorsal circadian neurons (DN1s) that 
induce arousal by releasing the wake-promoting diuretic hormone 31 (DH31) [57]. The 
LNv also express inhibitory GABAA receptors which, when activated, halt PDF release 
to promote sleep [55]. Expression of the circadian gene wide awake peaks in clock 
neurons at dusk, triggering upregulation of GABAA receptors to promote sleep [58].        
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  While the role of the circadian clock in the timing of sleep is clear, there is also 
evidence that the clock can influence sleep duration and sleep rebound. SCN lesions in 
primates [59] and mice [60] cause increased sleep duration. Moreover, mutations in 
clock genes in flies and mice can either increase or decrease sleep duration [61,62] 
[63]. Following sleep deprivation, Drosophila per, tim, and clk mutants all show 
extended sleep rebounds, recovering 100% of sleep lost rather than the 30-40% that is 
typical of wildtype. cyc mutants recover up to 300% of sleep lost, never return to 
baseline sleep, and start to die from sleep deprivation after 10 hours [64]. Mice with 
double mutations in the circadian clock genes cry1 and cry2 instead have reduced sleep 
rebound after sleep deprivation [63]. Thus, the circadian clock has a strong influence on 
the timing of sleep, but likely interacts with other mechanisms that control sleep 
homeostasis.   
 
Mechanisms of Sleep Homeostasis        
Organisms depend on internal systems to maintain homeostasis, or a constant 
equilibrium within the body, allowing for optimal performance. When the body is forced 
to stay awake for an extended period of time, homeostatic mechanisms ensure that 
recovery sleep, characterized by longer duration and/or deeper intensity, will be 
obtained at the next available opportunity. Because the processes controlling sleep 
homeostasis are largely unknown, these mechanisms are often referred to collectively 
as the sleep homeostat. In 1982, Borbely proposed the “two process model of sleep 
regulation,” in which he suggested that the circadian system and the sleep homeostat 
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work together to regulate sleep. In his model, sleep pressure builds continuously while 
an organism is awake and triggers sleep when it reaches its upper limit [65]. 
Though Borbely originally thought that the circadian clock and sleep homeostat 
had independent influences on sleep, it is now understood that there is some crosstalk 
between the two processes. As discussed above, altering clock gene expression can 
impact sleep duration; additionally, prolonged wakefulness can alter the expression of 
core clock genes [66]. Interaction between the two processes may allow organisms to 
stay alert even toward the end of the day, when sleep pressure has accumulated but 
not yet reached its upper limit [67].  
Sleep deprivation experiments, which typically involve continuous physical 
stimulation to prolong wake, are most commonly used to study sleep homeostasis. In 
animals whose brain activity can be measured by an EEG, slow wave sleep, 
characterized by prominent delta waves in the 0.5-4.5 Hz range, is considered the best 
marker for sleep intensity [10]. As sleep deprivation is extended, a corresponding 
increase in slow wave sleep is observed in the subsequent sleep rebound, as is an 
increased arousal threshold in the sleeping animal [68]. Additionally, prolonged 
wakefulness is correlated with increasing theta activity, or waves in the 4-7 Hz range, 
which is considered a reliable marker for sleep pressure [69]. However, whether there 
are molecular markers for sleep pressure, and what these markers tell us about the 
mechanisms of homeostatic sleep regulation, is less clear.  
Several molecules have been identified that increase in abundance as sleep 
pressure builds. For instance, adenosine accumulates in the basal forebrain and cortex 
during sleep deprivation, and is then depleted during recovery sleep [70]. Furthermore, 
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blocking A1 adenosine receptors in the basal forebrain during sleep deprivation 
prevents recovery sleep from occurring, suggesting that adenosine directly drives sleep 
rebound [71]. Blocking ATP synthesis to cause energy depletion results in accumulation 
of extracellular adenosine and an increase in sleep [72]. Thus, it is thought that 
prolonged wakefulness, which results in increased neuronal firing in both the basal 
forebrain [73] and the cortex [74], depletes energy, thereby increasing adenosine 
concentration and driving sleep.  
Nitric oxide (NO), an important signaling molecule, also accumulates in the basal 
forebrain during sleep deprivation and precedes the accumulation of adenosine [75]. 
Blocking the increase in either NO or adenosine during sleep deprivation prevents a 
subsequent sleep rebound from occurring [76]. Lesioning of specifically the cholinergic 
cells in the basal forebrain prevents accumulation of adenosine and NO during sleep 
deprivation [76]. Thus, it has been proposed that extensive firing of basal forebrain 
cholinergic cells during prolonged wakefulness induces NO production as a stress 
signal, causing a subsequent spike in adenosine and promotion of sleep [77]. Indeed, 
sleep deprivation has been shown to trigger a number of stress responses including 
activation of inducible nitric oxide synthase (iNOS) to produce NO [78], as well as 
upregulation of the transcription factor nuclear factor kB (NFkB) [79–81], which plays a 
major role in the innate immune response.          
Immune molecules are also involved in sleep homeostasis. Increased sleep 
during illness is a major feature of sickness behavior in mammals [82], and bacterial 
infection in flies also increases sleep [83]. Flies deficient in Relish, which encodes an 
NFkB protein, do not exhibit an increase in sleep following infection, and have reduced 
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baseline sleep [81], indicating a role for NFkB in sleep regulation. NFkB controls 
expression of a number cytokines, including Interleukin 1β (IL-1β) and tumor necrosis 
factor α (TNFα), which have both been shown to increase non-rapid eye movement 
(NREM) sleep in various species [84,85]. Likewise, blocking the function of either of 
these cytokines results in a decrease in NREM sleep as well as a decrease in sleep 
rebound [84,85]. The sleep-inducing effects of these cytokines are likely mediated 
through complex interactions with other sleep-regulating molecules; for instance, IL-1β 
promotes the release of NO and adenosine, and also interacts with major 
neurotransmitters, such as serotonin [86].      
Adenosine, NO, and the cytokines IL-1β and TNFα represent just a few of 
numerous molecules that can reliably influence the sleep state of an animal. While 
these molecules all regulate sleep, they presumably do so in an indirect manner. The 
components of the sleep homeostat that directly regulate sleep have yet to be 
determined, but likely share an intimate link with the underlying function of sleep.   
 
Theories on the Function of Sleep 
 
Synaptic Downscaling  
Various sleep deprivation studies in humans and mammals performed over the 
last century have demonstrated that sleep deprivation impairs learning and memory 
[87]. Further insight has been provided by work in fruit flies demonstrating that short-
sleeping mutants have impaired memory [35], and that genetically inducing sleep 
improves memory [39] and restores the ability to learn in memory mutants [32]. 
	 17	
Additionally, gene expression studies in rats have shown that the wake state induces 
genes involved in synaptic potentiation, or strengthening of synapses, while the sleep 
state induces genes involved in synaptic depression, or weakening of synapses [79]. 
This finding has also been supported by evidence in Drosophila of sleep-dependent 
changes in protein levels of synaptic markers [88]. Thus, a popular theory of sleep 
function is that sleep is necessary for synaptic downscaling, or weakening of synapses, 
to maintain synaptic homeostasis [89]. 
 The synaptic homeostasis hypothesis proposes that learning occurs during wake, 
resulting in a net increase in synaptic strength that in turn requires more energy, space, 
and cellular materials for the brain to maintain [90]. Thus, synaptic downscaling occurs 
during sleep, at a time when most synapses are less active, to globally normalize 
synaptic strength down to a sustainable level [90]. Accordingly, it is proposed that sleep 
after learning improves memory consolidation because synaptic downscaling increases 
the signal-to-noise ratio between new memories and old, poorly-integrated ones [91]. 
Structural evidence in flies supports the theory of synaptic downscaling; synapses in 
three different neuronal circuits increase in size or number during wake and decrease 
only following sleep [92]. However, the system may be more complex in mammals—
different observations have been made depending on the type of synapse studied and 
the type of experience preceding sleep [93].  
 
Energy Restoration  
A simple and more cellular theory on the function of sleep is that sleep allows for 
the restoration of depleted energy stores in the brain. Compared to other organs, the 
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brain has an incredibly high metabolic rate—it makes up only 2% of our body mass, but 
consumes 20% of available oxygen [94]. However, positron-emission tomography (PET) 
studies have shown that the human brain consumes only half as much glucose during 
deep sleep as it does during wake [95–97]. The markedly lower metabolic rate during 
sleep could provide an opportunity for energy replenishment.  
While circulating brain glucose levels don’t appear to differ between sleep and 
wake states [98], some evidence suggests that glycogen stores become depleted 
during the wake state. A study in flies reported that sleep deprivation resulted in 
decreased glycogen stores in the brain and body during the first 3 hours [99]. Similar 
findings were reported in some mammalian studies, but were contradicted by other 
findings [100–104]. These variable results may be a consequence of glycogen’s 
sensitivity to dissection conditions. ATP is another molecule that could serve as a 
marker for the energy state of the cell, but is incredibly sensitive to oxidation, making 
measurement difficult. An alternative approach is to measure phosphorylation of 
adenosine monophosphate kinase (AMPK), which occurs when ATP is deleted and 
adenosine monophosphate (AMP) levels are high. Sleep deprivation in mice does result 
in high levels of phopho-AMPK, suggesting a state of energy depletion [105]. However, 




The more recent discovery in mice of a sleep-activated brain glymphatic system, 
which parallels the lymphatic system of the body, suggests that sleep may serve to 
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clear harmful metabolites from the brain [106]. Xie et al. reported a 60% increase in 
interstitial space in the brain during sleep, allowing for increased convective flow 
between cerebrospinal fluid and interstitial fluid. The group demonstrated that this 
sleep-dependent increase in convective flow resulted in better clearance of β-amyloid 
(Aβ) the protein implicated in the pathogenesis of Alzheimer’s disease. Poor sleep 
quality is a predictor of Alzheimer’s disease [9], suggesting that inadequate sleep-driven 
clearance of Aβ may contribute to its aggregation and the development of the disease.    
 The glymphatic system could also serve to clear reactive oxygen species (ROS), 
reactive molecules that are produced by incomplete reduction of oxygen during 
oxidative phosphorylation. ROS can covalently bind to and inhibit the function of 
proteins, lipids, and DNA, posing a serious threat to the cell. Due to their high metabolic 
rate and exposure to additional ROS from neurotransmitter metabolism [107], neurons 
are particularly at risk of oxidative damage from ROS. Since the brain is more 
metabolically active during the wake state than during sleep, it is possible that one 
purpose of sleep is to allow for the clearance of ROS from the brain. This theory was 
first proposed in 1994 by Reimund, who termed it the Free Radical Flux Theory of Sleep 
[107]. 
 Reimund posited that ROS accumulate in the brain during the wake state, and 
the lower metabolic rate of sleep provides the brain’s antioxidant system with the 
opportunity to catch up, neutralizing neuronal ROS down to baseline levels in 
preparation for the next day’s cycle. Reimund argued that the Free Radical Flux Theory 
provides an explanation for the puzzling observation that smaller mammals tend to 
sleep more and have shorter lifespans. This phenomenon is difficult to explain if the 
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purpose of sleep is learning and memory. However, if the purpose of sleep is to clear 
ROS, then smaller mammals, which tend to have higher metabolic rates, would 
accumulate ROS faster, require more sleep, and potentially die earlier due to the 
deleterious consequences of oxidative damage.  
Reimund’s theory was purely hypothetical, but a handful of groups tested his 
theory, all using variations on the standard disk over water technique in which rodents 
are placed on a small platform above water in order to prevent sleep for extended 
periods of time. This technique was reported to cause an increase in amino-cupric-silver 
staining, a general indicator of cell damage [108] and increased lipid peroxidation, an 
indicator of oxidative damage [109] in the brains of sleep deprived rodents. Others 
observed decreased levels of glutathione [110] or decreased SOD1 activity [111] in the 
brain, as well decreased glutathione levels and catalase activity in the liver [112] of 
sleep deprived rats. However, other groups published contradictory findings, reporting 
no change in antioxidant activity and no evidence of oxidative damage in the brains of 
sleep deprived rats [113–115]. Reimund did not speculate on a role for ROS in the 
regulation of sleep, but it has been reported that oxidized glutathione, extracted from the 
brains of sleep deprived rats, induces sleep when injected into control rats [116]. This 
finding was supported by a later report that injection of a chemical oxidant into the 
brains of rats also induces sleep [117].  
Though flies offer a simple system with strong genetic advantages, few groups 
have investigated the relationship between ROS and sleep in Drosophila. It has been 
observed that feeding flies a low dose of paraquat, an herbicide that catalyzes ROS 
production, results in sleep fragmentation occurring earlier than is typically observed in 
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aged flies [118]. Additionally, inducing sleep fragmentation by light cycle interruption 
results in higher levels of ROS in middle-aged flies, and in induction of a number of 
genes that are induced by high levels or ROS [119].  
 While the relationship between sleep and ROS remains unclear, several genetic 
and pharmacological tools have yet to be utilized to investigate this relationship in 
Drosophila. In the following chapter, I use a diverse set of short-sleeping Drosophila 
mutants, alongside other genetic and pharmacological methods of sleep manipulation, 
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Abstract 
Though sleep appears to be broadly conserved in animals, the physiological functions 
of sleep remain unclear. In this study, we sought to identify a physiological defect 
common to a diverse group of short-sleeping Drosophila mutants, which might provide 
insight into the function and regulation of sleep. We found that these short-sleeping 
mutants share a common phenotype of sensitivity to acute oxidative stress, exhibiting 
shorter survival times than controls. We further showed that increasing sleep in wild-
type flies using genetic or pharmacological approaches increases survival after 
oxidative challenge. Moreover, reducing oxidative stress in the neurons of wild-type flies 
by overexpression of antioxidant genes reduces the amount of sleep. Together, these 
results support the hypothesis that a key function of sleep is to defend against oxidative 
stress and also point to a reciprocal role for ROS in neurons in the regulation of sleep. 
 
Introduction 
A sleeping animal is vulnerable to predators and other dangers in its environment for a 
large portion of the day. Despite these daily risks, sleep is an evolutionarily conserved 
behavior throughout the animal kingdom [11,28,120], suggesting that sleep serves 
important functions. In support of this, prolonged episodes of acute sleep deprivation in 
both rodents and invertebrates cause an increased need to sleep [69,121–123], 
cognitive impairment [124,125], increased metabolic rate [123,126], and death 
[64,123,126]. It remains unclear whether these effects are due to loss of sleep or due to 
the intense stress associated with acute sleep deprivation. Epidemiological studies have 
revealed that chronic sleep restriction, or shortened sleep duration, in humans is 
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associated with metabolic disorders [7], cardiovascular disease [8], inflammation 
[127,128], psychiatric disorders [129], and even premature mortality [130,131]. Similar 
to experimental results involving acute sleep deprivation, it is unclear whether these 
defects are due to the loss of sleep itself, to associated disruptions in circadian rhythm, 
or from the very factors that cause sleep loss, such as shift work, aging, or 
psychological stress. Thus, while current research in both humans and model 
organisms has demonstrated an important role for sleep in learning and memory 
[32,35,39,132], it has been difficult to identify underlying functions for sleep essential to 
the organism’s survival or fitness. 
Sleep is thought to be regulated by two distinct types of mechanisms: those that 
control the timing of sleep, such as the circadian system, and those that control the 
duration of sleep, also called sleep homeostasis mechanisms [65,133]. While the 
molecular mechanisms underlying circadian regulation have been well characterized, 
molecular mechanisms regulating sleep homeostasis are less well-defined, but thought 
to be neuronally based [37,133–137] and context-dependent—that is, sleep deprivation 
or other stress conditions may induce different homeostasis pathways than baseline 
sleep. Because acute sleep deprivation increases sleep need and results in extended 
sleep duration at the animal’s next opportunity to sleep, many models of sleep 
homeostasis propose a feedback mechanism in which the wake state increases sleep-
promoting factors, such as adenosine or overall synaptic strength [133,137]. The sleep 
state then clears or abrogates these factors to allow the wake state.  
A controversial hypothesis for the function of sleep is the free radical flux theory 
of sleep, proposed in a theoretical paper by Reimund in 1994. Reimund proposed that 
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reactive oxygen species (ROS) accumulate in neurons during the wake state and that 
sleep allows for the clearance of ROS in the brain [107]. ROS are chemically reactive 
by-products of metabolism, which, when not properly neutralized, cause damaging 
covalent modifications that inhibit the function of proteins, lipids, and DNA and can lead 
to cell death. Thus, the free radical flux hypothesis proposed that the core function of 
sleep is to act as an antioxidant for the brain. Despite the appeal of this hypothesis, data 
to support it are conflicting. While some groups have reported decreased antioxidant 
capacity and oxidative damage in the brains of sleep-deprived rats and mice [108–111], 
other reports have contradicted these findings [113,114,138]. As a result, the Reimund 
hypothesis has fallen out of favor as a model for sleep function. Notably, all studies 
testing the Reimund hypothesis focused on the effects of acute sleep deprivation. In 
contrast to acute sleep deprivation, the relationship between chronic sleep restriction 
and oxidative stress has not been thoroughly investigated, despite the physiological 
relevance of chronic sleep restriction widespread in modern society [139]. 
In recent years, the fruit fly has become a powerful, genetically tractable model 
system for the study of sleep [20,21]. Forward genetic screens have identified a number 
of Drosophila mutants that are short-sleeping and retain intact circadian rhythms. Loss-
of-function mutations in ion channels and ion-channel regulators, including sleepless, 
which regulates the potassium channel Shaker and nicotinic acetylcholine receptors  
(nAChRs), have been shown to reduce sleep [34–37]. Other short sleep causing 
mutations include the redeye allele of the nAChRα4 subunit [41], the fumin allele of the 
dopamine transporter (DAT) [38], and loss of function of the putative ubiquitin ligase 
adaptor encoded by insomniac (inc) [43,44]. It has been hypothesized that these 
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mutations cause short sleep by increasing neuronal excitability [133]. These mutants 
allow researchers to investigate the effects of chronic sleep restriction independent of 
circadian defects. Though the specific genes affected vary widely, the common 
phenotype of these diverse mutants is chronic short sleep. Thus, these mutants provide 
an ideal system for identifying a “core” or essential function of sleep; if chronic short 
sleep has negative effects on health, these short-sleeping Drosophila mutants should 
share a common physiological defect. 
In this study, we sought to identify a physiological defect common to short-
sleeping flies that might provide insight into the function and regulation of sleep. We 
found that diverse short-sleeping mutants are sensitive to acute oxidative stress, 
exhibiting shorter survival times than controls, and that increasing total sleep duration of 
wild-type flies promotes survival after oxidative challenge. We further showed that 
neuronal overexpression of antioxidant genes in wild-type flies reduces sleep. Our data 
demonstrate that one function of sleep is to increase the organism’s resistance to 
oxidative stress and support the hypothesis that sleep abrogates neuronal oxidative 





Neuronal reduction of inc does not compromise lifespan, metabolism or 
immunity.  
To identify specific physiological functions of sleep (Fig. 2.1A), we first focused on 
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neuron-specific RNAi of the insomniac (inc) gene, which has been shown to cause short 
sleep [43,44]. inc encodes a putative adaptor protein for Cullin-3 (Cul3), an E3 ubiquitin 
ligase expressed in both the brain and the body. Cul3 is involved in a number of crucial 
biological processes, and inc null mutants have reduced lifespan [43]. In contrast, 
neuron-specific RNAi of inc was reported to cause short sleep without affecting lifespan 
[43], suggesting that reduction of Inc activity in non-neuronal tissues affects lifespan in a 
sleep-independent manner. For this reason, we used flies expressing neuron-specific 
inc-RNAi as our initial model of short sleep. 
We verified that animals expressing a UAS-inc-RNAi construct via the pan-
neuronal driver elav-GAL4, hereafter referred to as neuronal inc-RNAi flies, exhibited a 
30% reduction in total sleep time relative to isogenic controls carrying one copy of either 
the inc-RNAi construct or elav driver alone (Fig. 2.1B, p<0.0001 relative to either 
control). We further confirmed that neuronal inc-RNAi flies exhibit normal lifespan 
compared to controls (Fig. 2.1C, p>0.5 compared to either control), consistent with a 
previous report [43] and with recent findings on inbred short-sleeping Drosophila lines 
that have normal lifespan [140]. This result confirms earlier findings that chronic short 
sleep (equivalent to a person sleeping 5.6 hours instead of 8 hours per night) does not 
itself shorten lifespan. 
Changes in sleep are often associated with altered metabolic energy storage. In 
humans and mice, sleep loss is associated with metabolic dysfunction such as obesity 
[141,142] and in flies, prolonged sleep is associated with increased starvation 
resistance [143]. We tested whether neuronal inc-RNAi flies have altered starvation 




Fig. 2.1. Neuronal inc-RNAi reduces sleep without affecting lifespan, metabolism, 
or immunity. We investigated the importance of sleep in the health of neuronal inc-
RNAi flies by examining three specific health parameters: lifespan, metabolism, and 
immunity (A). Relative to genetic controls, neuronal inc-RNAi flies sleep 30% less than 
controls (B, p<0.0001 compared to either control, n=10-12 flies/genotype), display a 
normal lifespan (C, p>0.05 compared to either control, n=206-225 flies/genotype), die 
from starvation at an intermediate rate (D, p>0.05 compared to driver control, p=0.05 
compared to inc-RNAi control, n=20-24 flies/genotype), and die at the same rate as 
controls after injection with S. pneumoniae (E, p>0.05 compared to either control, n=59-
60 flies/genotype) and P. rettgeri (F, p>0.05 compared to either control, n=60-63 
flies/genotype). For the scatter plot in (B), each data point represents the average sleep 
in minutes/day measured across 5 days for an individual animal. Data are shown as 
mean ± SEM. p-values were obtained by ordinary one-way ANOVA followed by a Tukey 
post hoc test to correct for multiple comparisons (B) or by log-rank analysis (C-F). Data 
from representative experiments are shown. Lifespans were performed twice. All other 







rate of neuronal inc-RNAi flies after starvation was intermediate between normally 
sleeping controls that express only the elav driver or the UAS-inc-RNAi construct alone 
(Fig. 2.1D, p=0.0592 compared to elav control, p=0.0493 compared to inc-RNAi 
control), suggesting that short sleep does not affect metabolic energy storage in 
neuronal inc-RNAi animals.  
Acute sleep deprivation has also been associated with immune dysfunction in 
humans, rats, and mice [144–147]. To assay for defects in immunity due to chronic 
short sleep, we injected neuronal inc-RNAi flies with different bacterial pathogens, 
including Streptococcus pneumonia, a Gram-positive pathogen that has been well-
characterized in Drosophila (Fig. 2.1E), Providencia rettgeri, a Gram-negative natural 
pathogen found in wild-caught Drosophila (Fig. 2.1F), Listeria monocytogenes, and 
Staphylococcus aureus (Fig. 2.2A-B). In each case, neuronal inc-RNAi flies died at the 
same rate as one or both of their genetic controls. To further test whether chronically 
reduced sleep causes deficits in immune function, we examined the response of short 
sleeping fumin mutants that lack a functional dopamine transporter [38]. We confirmed 
earlier findings that fumin mutants exhibit short sleep (~95% reduction in sleep relative 
to controls) (Fig. 2.5C, left panel, p<0.0001). We found that fumin mutants responded 
variably to these pathogens (Fig. 2.2C-F). The lack of a consistent immunity defect 
across different pathogens in both neuronal inc-RNAi flies and fumin mutants suggests 
that chronic short sleep does not have a dramatic or common impact on immune 





Fig. 2.2. Neuronal inc-RNAi flies and fumin mutants do not display a global 
immunity defect. Neuronal inc-RNAi flies die at the same or a slightly slower rate than 
genetic controls after injection with L. monocytogenes (A, p=0.09 compared to elav 
control, p=0.04 compared to inc-RNAi control, n=62-63 flies/genotype) and die at the 
same rate as controls after injection with S. aureus (B, p>0.05 compared to either 
control, n=19-21 flies/genotype). fumin mutants die slower than controls after injection 
with S. pneumoniae (C, p<0.01, n=96-98 flies/genotype), die faster than controls after 
injection with P. rettgeri (D, p<0.0001, n=89-91 flies/genotype), die slower than controls 
after injection with L. monocytogenes  (E, p<0.01, n=77-79 flies/genotype), and die at 
the same rate as controls after injection with S. aureus (F, p>0.05, n=94-100 
flies/genotype). p-values were obtained by log-rank analysis. Data from representative 

































































































































Short sleep via reduction of inc causes sensitivity to oxidative stress 
We next set out to test whether sleep is required to defend against oxidative stress 
[107]. We compared the survival of neuronal inc-RNAi flies relative to controls when 
subjected to two different treatments that induce oxidative stress by increasing ROS 
levels (Fig. 2.3B). We first injected neuronal inc-RNAi flies with a lethal dose of 
paraquat, an herbicide that catalyzes the production of superoxide anions [148]. We 
found that neuronal inc-RNAi flies died at a significantly faster rate after paraquat 
injection than controls (Fig. 2.3B, left panel, p<0.0001 relative to either control). To 
determine whether neuronal inc-RNAi flies have a specific sensitivity to superoxide 
anions or if they are also sensitive to other forms of oxidative stress, neuronal inc-RNAi 
flies and controls were fed hydrogen peroxide (H2O2), an oxidant that produces highly 
reactive hydroxyl radicals. Similar to paraquat injection, neuronal inc-RNAi flies were 
sensitive to H2O2 feeding compared to controls (Fig. 2.3B, right panel, p<0.0001 relative 
to either control). These results indicate that short-sleeping neuronal inc-RNAi flies are 
susceptible to oxidative stress. 
 To verify that oxidative stress sensitivity is caused by the reduction in inc 
expression, rather than an off-target effect of RNAi, we next tested inc null mutants for 
paraquat sensitivity. We confirmed that inc null mutants exhibit a 50% reduction in sleep 
(Fig. 2.4A, p<0.0001 for both inc1 and inc2 mutants relative to controls), as previously 
reported [43]. Consistent with neuronal inc-RNAi flies, inc null mutants died faster than 
controls when injected with paraquat (Fig. 2.3C, p<0.0001 for both inc1 and inc2 mutants 
relative to controls). Furthermore, because Inc is a putative adaptor for the Cul3 





Fig. 2.3.  Reducing inc 
or Cul3 expression 
results in sensitivity to 
oxidative stress. We 
investigated whether 
reduction of inc or Cul3, 
either of which causes 
short sleep, affects the 
oxidative stress response 
(A). Neuronal inc-RNAi 
flies died faster than 
controls after paraquat 
injection (B, left panel, 
p<0.0001 compared to 
either control, n=60-80 
flies/genotype) and H2O2 
feeding (B, right panel, 
p<0.0001 compared to 
either control, n=27-30 
flies/genotype). Similar 
sensitivity to paraquat 
was observed in inc1 and 
inc2 null mutants (C, 
p<0.0001 for both 
mutants compared to 
control, n=49-63 
flies/genotype) and 
neuronal Cul3-RNAi flies 
(D, p<0.0001 compared 
to either control, n=59-60 
flies/genotype). p-values 
were obtained by log-rank 
analysis. Data from 
representative 
experiments are shown. 
Each experiment was 






Fig. 2.4. Reduction of inc or Cul3 causes short sleep.  
inc1 and inc2 null mutants sleep about 50% than controls (A, p<0.0001 for both mutants, 
n=20-22 flies/ genotype). Cul3-RNAi flies sleep about 60% less than controls (B, 
p<0.0001 compared to either control, n=40-42 flies/genotype). Each data point 
represents average sleep in minutes/day measured across 5 days in an individual 
animal. Data is shown as mean ± SEM. p-values were obtained by unpaired students t-
test (A) or by ordinary one-way ANOVA followed by a Tukey post hoc test to correct for 
multiple comparisons (B). Data from representative experiments are shown. Each 



















































paraquat sensitivity. As previously reported [43], neuronal Cul3-RNAi flies exhibit a 60% 
reduction in sleep (Fig 2.4B, p<0.0001 relative to either control); here we found that  
neuronal Cul3-RNAi  flies were also sensitive to paraquat injection (Fig. 2.3D, p<0.0001 
relative to either control). Thus, chronic short-sleeping inc null mutants and Cul3-RNAi 
flies are sensitive to oxidative stress induced by elevated ROS levels, similar to 
neuronal inc-RNAi flies.  
 
Sensitivity to oxidative stress is common to a diverse group of short-sleeping 
mutants. 
To determine whether sensitivity to oxidative stress is caused specifically by the 
reduction in inc or Cul3 activity or whether it is more broadly associated with loss of 
sleep, we next tested for sensitivity to oxidative stress in three different short-sleeping 
mutants, each carrying mutations in different genes with varied functions: sleeplessD40 
(sleepless), DATfumin (fumin), and nAChRα4rye (redeye) (Fig. 2.5A). We first confirmed, 
as previously reported [36,38,41], that each mutant spends significantly less time 
sleeping than its isogenic control (Fig. 2.5B-D, left panels, p<0.0001 for each). We next 
tested these short-sleeping mutants for sensitivity to oxidative stress. Relative to 
controls, we found that each mutant was sensitive to both paraquat injection (Fig. 2.5B-
D, middle panels, p<0.0001 for each) and H2O2 feeding (Fig. 2.5B-D, right panels, 
p<0.0001 for each). Thus, our finding that this molecularly diverse set of short-sleeping 
mutants has a common susceptibility to oxidative challenge raises the possibility that 





Fig. 2.5. A diverse group of short-sleeping mutants is sensitive to oxidative 
stress. 
We asked whether other sleep mutants unrelated to inc or Cul3 share the same 
sensitivity to oxidative stress (A). sleepless mutants sleep 65% less than controls (B, left 
panel, p<0.0001, n=6-10 flies/genotype), fumin mutants sleep 95% less than controls 
(C, left panel, p<0.0001, n=16 flies/genotype), and redeye mutants sleep 50% less than 
controls (D, left panel, p<0.0001, n=8-9 flies/genotype). When injected with paraquat, 
sleepless (B, middle panel, p<0.0001, n=100 flies/genotype), fumin (C, middle panel, 
p<0.0001, n=97-98 flies/genotype), and redeye (D, middle panel, p<0.0001, n=88-92 
flies/genotype) mutants all die faster than controls. Faster death relative to controls is 
also observed by H2O2 feeding in sleepless (B, right panel, p<0.0001, n=40 
flies/genotype), fumin (C, right panel, p<0.0001, n=39-40 flies/genotype), and redeye 
(D, right panel, p<0.0001, n=39-42 flies/genotype) mutants. For scatter plots (B-D), 
each data point represents the average sleep in minutes/day measured across 5 days 
for an individual animal. Data are shown as mean ± SEM. p-values were obtained by 
unpaired students t-test (left-panels), or by log-rank analysis (middle and right panels). 
Data from representative experiments are shown. Each experiment was performed at 
















Increasing sleep confers resistance to oxidative stress. 
Because short-sleeping mutants exhibit sensitivity to oxidative stress, we next tested  
whether extending sleep duration promotes resistance to oxidative stress. We increased  
sleep by either genetic manipulation or pharmacological treatment and measured the 
effect on survival after oxidative challenge. For the genetic approach, we used 
transgenic flies in which sleep-inducing neurons were activated by the expression of a 
neuron-activating bacterial sodium channel [39]. For the pharmacological approach, we 
treated wild-type animals with the sleep-inducing drug Gaboxadol [32,33].  
It was previously shown that total sleep time is increased by constitutively 
activating neurons in the dorsal Fan-shaped Body (dFB), a sleep-promoting region in 
the fly brain [39]. We verified this phenotype using a previously established dFB driver 
(23E10-GAL4) to drive expression of the neuron-activating bacterial sodium channel 
construct UAS-NaChBac and observed a 40% increase in sleep duration in 
dFB>NaChBac flies (Fig. 2.6A, left panel, p<0.0001 relative to either control). We then 
subjected dFB>NaChBac flies to oxidative stress by either paraquat injection or H2O2 
feeding. In both cases, dFB-activated flies died at a slower rate than controls (Fig. 2.6A, 
middle and right panels, p<0.001 for each). Thus, genetically activating the dFB to 
increase sleep promotes resistance to oxidative stress. 
To further test whether extended sleep duration can increase survival of acute 
oxidative stress, we used an independent pharmacological method of sleep induction. 
Wild-type animals were fed the GABAA receptor agonist Gaboxadol, which induces 
sleep in Drosophila [32,33]. We observed a 25% increase in total sleep time in 
Gaboxadol-treated animals (Fig. 2.6B, left panel, p<0.001) and a corresponding  
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Fig. 2.6. Inducing sleep increases resistance to oxidative stress.  
dFB>NaChBac flies sleep 40% more than controls (A, left panel, p<0.0001 compared to 
either control, n=20 flies/genotype) and die slower than controls after paraquat injection 
(A, middle panel, p<0.0001 compared to either control, n=79-80 flies/genotype) or H2O2 
feeding (A, right panel, p<0.001 compared to either control, n=31-32 flies/genotype). 
Flies fed the GABAA agonist Gaboxadol sleep 25% more than controls (B, left panel, 
p<0.001, n=8 flies/condition) and die slower than controls after paraquat injection (B, 
right panel, p<0.0001, n=118-119 flies/condition). These data support the conclusion 
that inducing sleep by either genetic or pharmacological means confers oxidative stress 
resistance (C). For scatter plots (A-B, left panels): each data point represents average 
sleep in minutes/day measured across 5 days in an individual animal; data are shown 
as mean ± SEM. p-values were obtained by ordinary one-way ANOVA followed by a 
Tukey post hoc test to correct for multiple comparisons (A-B, left panels) or by log-rank 
analysis (A-B, middle and right panels). Data from representative experiments are 
shown. Each experiment was performed at least 3 times. 
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increase in resistance to paraquat injection relative to vehicle-fed controls (Fig. 2.6B, 
right panel, p<0.0001). Together, these results demonstrate that two different methods 
of increasing sleep both promote resistance to oxidative stress, consistent with the idea  
that oxidative stress resistance is a physiological function of sleep (Fig. 2.6C). 
 
Neuronal reduction of inc causes altered expression of stress response genes. 
If sleep clears ROS from neurons, one would expect short-sleeping flies to exhibit 
higher baseline levels of ROS in the brain. Quantitation of ROS in live brains is 
extremely difficult, possibly due to tight feedback control of ROS levels via the induction 
of antioxidant gene expression. As an indirect measure of ROS, we measured the 
expression of genes known to be activated by high levels of ROS by performing qRT-
PCR on the heads of neuronal inc-RNAi flies and controls. These genes include the 
antioxidant genes SOD1, GSTS1, GSTO1, and catalase; the mitochondrial stress 
response genes hsp60, ClpX, and Pink1; and the ER stress response gene BiP, which 
was previously shown to be induced by sleep deprivation [21,149–151]. We found that 
neuronal inc-RNAi flies exhibited increased expression of all of these genes except 
catalase and BiP (Fig. 2.7B-I). While neuronal inc-RNAi flies had modestly elevated BiP 
expression in the head (Fig. 2.7I), the difference was not significant. Thus, the 
increased baseline expression of antioxidant genes and mitochondrial stress genes in 






Fig. 2.7. Neuronal inc-RNAi heads have increased expression of stress response 
genes. We investigated whether short sleep affects the expression of three main 
groups of stress response genes: antioxidant genes, mitochondrial stress genes, and 
one ER stress gene (A). Neuronal inc-RNAi flies have increased baseline head 
expression of antioxidant genes SOD1 (B, p<0.001 compared either control, n=6 
biological replicates per genotype), GSTS1 (C, p<0.05 compared to either control, n=6 
biological replicates per genotype), and GSTO1 (D, p<0.05 compared to either control, 
n=6 biological replicates per genotype), but normal expression of catalase (E, p>0.05 
compared to either control, n=6 biological replicates per genotype). Neuronal inc-RNAi 
flies also have increased basal head expression of mitochondrial stress genes hsp60 
(F, p<0.05 compared to either control, n=6 biological replicates per genotype), Pink1 (G, 
p<0.001 compared to either control, n=6 biological replicates per genotype), and ClpX 
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(H, p<0.05 compared to either control, n=5-6 biological replicates per genotype). The 
ER chaperone gene BiP was elevated compared to one, but not both, controls (p<0.05 
compared to elav control, p>0.05 compared to inc-RNAi control, n=6 biological 
replicates per genotype). Expression is normalized to actin. Data are shown as mean ± 
SEM. Each data point represents an independent biological replicate with 15-20 
individual fly heads per biological replicate. p-values were obtained by ordinary one-way 









































Overexpression of antioxidant genes in neurons reduces sleep. 
If one function of sleep is to clear ROS from the brain, then it is plausible that ROS itself 
may be one factor that triggers sleep, perhaps when it reaches a certain critical  
threshold. To determine whether neuronal ROS levels play a role in the regulation of 
sleep, we reduced ROS levels in the brains of otherwise wild-type flies by driving 
neuronal overexpression of the antioxidant genes catalase, SOD1, or SOD2 using the 
elav-Gal4 driver (Fig. 2.8A). SOD1 or SOD2 overexpression resulted in a significant 
reduction in the total amount of sleep, with an average decrease in total sleep of 10% 
and 16% respectively (Fig. 2.8B, p<0.05 compared to either control). catalase 
overexpression resulted in a similar trend, but did not reach significance compared to 
the driver control (Fig. 2.8B). Our observation that reducing neuronal ROS levels 
reduces sleep amount suggests that ROS levels reflect sleep need and play a role in 
the regulation of sleep. 
 
Discussion 
Though sleep appears to be evolutionarily conserved across all animal species 
[11,28,120], the physiological function of sleep remains unclear. Our data show that 
chronic sleep restriction sensitizes flies to two types of oxidative stress: paraquat 
injection and hydrogen peroxide feeding (Fig. 2.3-2.5). Conversely, increasing sleep 
through either genetic or pharmacological methods promotes resistance to oxidative 
stress (Fig. 2.6). Thus, our data suggest that one important function of sleep is defense 
against oxidative stress. The molecular mechanisms underlying the susceptibility of 




Fig. 2.8. Neuronal overexpression of antioxidants reduces sleep, suggesting a 
role for ROS in sleep regulation. (A) Neuronal overexpression of the antioxidant 
genes SOD1 and SOD2 reduced sleep by 10% (B, p<0.05 compared to either control, 
n=16-40 flies/genotype) and 16% (p<0.01 compared to either control, n=16-38 
flies/genotype) respectively. Neuronal overexpression of catalase also reduced sleep, 
but the decrease was not statistically significant compared to the driver control (p>0.05 
compared to elav control, p<0.001 compared to catalase control, n=16-40 
flies/genotype). Each data point represents average sleep in minutes/day measured 
across 5 days in an individual animal; data are shown as mean ± SEM. p-values were 
obtained by ordinary one-way ANOVA followed by a Tukey post hoc test to correct for 
multiple comparisons. Pooled data from 2 independent experiments are shown. (B) 







the effects of oxidative stress on the brain or other, non-neuronal tissues of the body 
remains unclear. It is possible that increased baseline ROS levels in neurons or other 
tissues sensitize short sleepers to acute oxidative stress. Other investigators have 
found that accumulation of cellular ROS was associated with susceptibility to acute 
oxidative challenge [152,153]. Chronic sleep loss may lead to accumulated 
mitochondrial damage that, in the presence of an acute oxidative stress, triggers cell 
death pathways. Another possibility is that short sleepers are less able to detect or 
respond to acute oxidative challenge in specific tissues. Testing these hypotheses will 
be an important focus for future investigation. 
Our data also suggest that short-sleeping animals accumulate higher baseline 
ROS levels in the brain. While ROS levels in the brain are difficult to measure directly, 
we observed increased expression of antioxidant and mitochondrial stress response 
genes in the heads of short-sleeping neuronal inc-RNAi flies, consistent with increased 
ROS levels in the brain. Other studies have similarly observed that sleep-deprived 
animals display increased expression of genes induced by high ROS levels.  Induction 
of the antioxidant regulator cnc was observed in fly heads when flies were exposed to 
recurrent sleep fragmentation [119], and its mammalian homolog nrf2 was reported to 
be induced in the cerebral cortex of mice after 6 hours of sleep deprivation [105]. Sleep 
deprivation has also been associated with activation of the unfolded protein response in 
the ER in fly heads and mouse brains [21,149–151]. Since both the ER- and 
mitochondrial unfolded protein responses can be induced by high levels of ROS, we 
hypothesize that both genetic and environmental sleep loss increase baseline ROS 
levels that, depending on the specific method of sleep deprivation, genetic background, 
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and tissue tested, are reflected in the activation of different response pathways. 
Finally, we found that increasing antioxidant gene expression in the brain causes 
short sleep, suggesting that decreasing neuronal ROS levels will promote the wake 
state. Emerging evidence demonstrates that ROS can act as crucial signaling 
molecules in a number of biological processes [154,155] and it has been demonstrated 
that injecting an oxidant into the rat brain induces sleep [117]. Thus ROS levels, either 
directly or indirectly through the activation of oxidative stress responses, appear to 
induce sleep.  
Taken together, our results support a model for a bi-directional relationship 
between sleep and oxidative stress in which one function of sleep is to act as an 
antioxidant for both the body and the brain, increasing the organism’s resistance to 
acute oxidative challenge and reducing ROS levels in the brain; moreover, neuronal 
ROS plays a role in the regulation of sleep and wake states (Fig. 2.8C). Thus, with 
chronic sleep restriction, the animal accumulates higher ROS levels in the brain and is 
sensitive to acute oxidative stress. 
Identifying the physiological functions of sleep and key regulators of sleep is 
critical to understanding the negative effects on health associated with chronic sleep 
restriction. In the U.S., average sleep time is steadily decreasing [5] and one third of 
adults sleep less than the recommended 7 hours per night [139]. Sleep restriction is 
correlated with a variety of diseases [7,8], many of which are also associated with 
oxidative stress [156–160]. Sleep disturbances have been implicated as a predictor for 
Alzheimer’s, Parkinson’s, and Huntington’s disease [9,161–163], and in all of these 
diseases oxidative damage has been reported in the brains of patients postmortem 
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[164–166]. Because oxidative stress can induce protein misfolding and aggregation 
through protein damage, neuronal accumulation of ROS is a plausible contributing 
factor in the pathogenesis of neurodegenerative diseases. Thus, understanding the role 
of sleep in defense against oxidative stress and the role of ROS in regulating sleep 
could provide much-needed insight into the pathology and treatment of 
neurodegenerative diseases. 
 
Materials and Methods: 
 
Fly strains  
The following flies were obtained from Nicholas Stavropoulos (New York University): 
UAS-inc-RNAi (VDRC stock #18225), elavC155-Gal4, inc1 deletion mutant, and inc2 
transposon insertion mutant (CG32810f00285), all in the same genetic background (w1118 
iso31 or Bloomington stock #5905), along with the isogenic iso31 strain used for 
outcrossing. In addition, Nick Stavropoulos provided us with UAS-Cul3-RNAi (NIG stock 
#11861R-2) in the NIG w1118 background along with isogenic control. Parental controls 
used for experiments were obtained by crossing expression driver (elav-Gal4) and RNAi 
construct (UAS-inc-RNAi) lines to the outcrossed wild-type line (iso31) for heterozygous 
controls, accounting for differences in complex phenotypes affected by genetic 
background. In case the absence of the white gene, which encodes an ABC transporter, 
has an effect on survival after paraquat or H2O2 exposure, red-eyed controls were used 
with the red- and orange-eyed inc1 and inc2 mutants; these w+ controls were generated 
by outcrossing w+ from an Oregon-R background for 8 generations with the iso31 stock 
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(Bloomington stock #5905).  
redeye, sleeplessΔ40 (imprecise excision mutants), and their corresponding 
background-matched controls were obtained from Amita Sehgal (University of 
Pennsylvania). sleeplessΔ40 was used instead of sleeplessP1 because sleeplessP1 flies 
were sensitive to wounding, which made paraquat injection experiments difficult to 
interpret. Male sleeplessΔ40 flies also exhibited some wounding sensitivity, whereas 
females did not, so female sleeplessΔ40 flies were used in the paraquat injection 
experiments. Male sleeplessΔ40 were used in H2O2 feeding experiments. fumin mutants 
and their background-matched controls were obtained from Rob Jackson (Tufts 
University).  
UAS-NaChBac was obtained from Paul Shaw (Washington University, St. Louis) 
and 23E10-Gal4 was obtained from Jeffrey Donlea (University of Oxford); both were 
outcrossed for 8 generations with the iso31 stock. As described above, parental controls 
used for experiments were obtained by crossing expression driver (23E10-Gal4) and 
transgene construct (UAS-NaChBac) lines to the outcrossed wild-type line (iso31) for 
heterozygous controls. 
The following stocks were obtained from the Bloomington Stock Center and 
outcrossed 6-8 generations into the iso31 background: UAS-SOD1 (#24754), UAS-
SOD2 (#24492), and UAS-cat (#24621).     
All flies were raised at room temperature on standard molasses food, and kept 
on cornmeal food post-eclosion in a temperature controlled (25°C) incubator with a 12-
hr light-dark cycle. 5- to 10-day-old males were used for all experiments, unless 
otherwise noted.  
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Sleep Analysis and Starvation Assay 
Individual flies were loaded into plastic tubes containing cornmeal food, and allowed to 
acclimate for 1 day. Sleep was monitored for 5 days using Drosophila Activity Monitors 
(either DAM2 or DAM5) (Trikinetics). Activity was recorded as beam-breaks in 1 min 
bins and analyzed using PySolo software, with sleep defined as a 5-minute period of 
inactivity. Graphing and statistical analysis was performed using GraphPad Prism. 
When comparing two groups: an unpaired t test was performed when standard 
deviations were similar, and an unpaired t test with Welch’s correction was performed 
when standard deviations were not similar. When comparing three groups, a one-way 
ANOVA was performed and followed by a Tukey post hoc test to correct for multiple 
comparisons.  
 For starvation assays, flies were transferred to tubes containing 1% agar and 
loaded into Drosophila Activity Monitors. Time of death was determined by complete 
loss of movement.  
 
Lifespan 
Flies were collected on the day of eclosion and allowed to mate overnight. Total flies per 
genotype ranged from 206-225. Males were separated into groups of 20 per vial.  Flies 
were transferred to new vials every 2-4 days and scored for death at time of transfer. 




Bacterial and Paraquat Injections  
Injections were carried out with a pulled glass capillary needle. A custom-made 
microinjector (Tritech) was used to inject 50 nL of liquid into the abdomen of each fly. 
Volume was calibrated by measuring the diameter of the expelled drop under oil. Death 
was assayed visually at least daily, with a typical n=60 for both bacterial infections and 
paraquat injections. For each experiment, a smaller set of flies was injected with vehicle 
alone to ensure that wounding caused minimal death. 
 The following bacterial strains were used for injections: Streptococcus 
pneumoniae (strain SP1, a streptomycin-resistant variant of D39) obtained from 
Elizabeth Joyce (University of California, San Francisco) was grown standing in BHI 
(Brain Heart Infusion media) at 37°C with 5% CO2, frozen into aliquots with 10% 
glycerol, pelleted and re-suspended upon thawing, and injected at an OD600 of 0.015-
0.05; Providencia rettgeri (strain Dmel, a natural pathogen isolated from wild-caught D. 
melanogaster) obtained from Brian Lazzaro (Cornell University), was grown shaking in 
LB at 37°C and injected at an OD600 of 0.003-0.005; Listeria monocytogenes (strain 
10403S) obtained from Julie Theriot (Stanford University) was grown standing in BHI at 
37°C and injected at an OD600 of 0.075-0.2; and Staphylococcus aureus strain 12600 
(ATCC), was grown shaking in BHI at 37°C and injected at an OD600 of 0.0001-0.001. 
Post-injection, flies were kept in a 29°C incubator for the remainder of the experiment to 
allow for optimal infection, with the exception of P. rettgeri injection, in which case 
optimal infection was achieved at 25°C.  
For paraquat injections, paraquat (methyl viologen hydrate, Fisher Scientific) was 
dissolved in water to a concentration of 3–5 mM. Paraquat solution was either stored at 
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4°C for up to one month, or frozen in aliquots and thawed as needed.  
  
H2O2 Feeding Assays 
These assays were performed in two ways. In one method, flies were transferred to 
vials containing a folded Kimwipe soaked with 1.5 mL of a 5% sucrose, 1-4% H2O2 
solution; flies were flipped onto a freshly soaked Kimwipe every 2 days and death was 
assayed visually and recorded daily. This method allows very rapid setup (typical 
experiment used 40 flies/genotype) but provides relatively low-resolution survival 
kinetics. In the second method, flies were transferred to 5 mm tubes containing a piece 
of a soaked Kimwipe and loaded into Drosophila Activity Monitors, in which case death 
was determined by a complete loss of movement. Control flies were kept on 5% 
sucrose alone to ensure that death did not occur by starvation or desiccation. This 
method provides high-resolution survival kinetics but requires more time-intensive setup 
(typical experiment used 30 flies/genotype).  We found that all our results for short-
sleeping mutants were consistent between the two methods. 
 
Survival Curves 
Survival curves for starvation assays, lifespan experiments, bacterial infections, 
paraquat injections, and H2O2 feeding assays are all plotted as Kaplan-Meier graphs. 
Log-rank analysis was performed using GraphPad Prism. All experiments were 
performed with a minimum of three independent trials (except lifespans, which were 
done twice) and yielded statistically similar results, except where noted. Graphs and p-
values in figures are representative trials. 
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qRT-PCR 
Flies were anesthetized on ice and decapitated. 15-20 heads per sample were 
homogenized in TRIzol (Invitrogen), and a phenol-chloroform extraction was performed 
to isolate nucleic acids. Samples were treated with DNAse (Invitrogen) to isolate RNA, 
and then diluted to a concentration of ~60 ng/uL. RevertAid First Strand cDNA synthesis 
kit (ThermoFisher) was used to convert RNA to cDNA. Quantitative RT-PCR was 
performed using a Bio-Rad CFX Connect Real-Time qPCR machine, with Express Sybr 























Rev: CCACTCGGAAGATTCCACTGC  
BiP: 
For: GCTATTGCCTACGGTCTGGA 





Analysis was performed using the Standard Curve method. Total cDNA concentration 
was normalized to actin expression. Data are represented as mean ± SEM. 5-6 
biological replicates (containing 15-20 heads each) per experiment.  
 
Gaboxadol and Antioxidant Feeding  
Gaboxadol hydrochloride (Sigma-Aldrich) was dissolved in water and added to melted 
cornmeal food to a final concentration of 0.15 mg/mL. Flies were flipped onto 
Gaboxadol-containing food for 3 days prior to paraquat injection and remained on 
Gaboxadol-containing food post-injection. Control food was made by adding the 
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appropriate amount of vehicle alone to melted cornmeal food.  
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Chapter III: Further investigations into the role of ROS in sleep 
 
Introduction 
In the previous chapter, a reciprocal relationship between sleep and oxidative stress 
was demonstrated. Here, I will provide additional data in support of this relationship. I 
will also address other experiments that were performed to strengthen the key findings 
in Chapter II, but which posed substantial challenges and will require further exploration. 
Lastly, I will introduce new data that may add more detail to our understanding of the 
relationship between sleep and oxidative stress.  
 
Additional support for a relationship between sleep and ROS 
Though Chapter II focused on the shared phenotype of oxidative stress 
sensitivity among short-sleeping flies, these flies were also tested for defects in other 
physiologies. A global immunity defect was not evident across short-sleeping flies, but a 
specific alteration in immune function that may have a connection to ROS is discussed 
in Appendix II (Fig. 3.1). Another physiology that was investigated in short-sleeping flies 
was heat sensitivity. It has been shown previously that sleep deprivation in rodents 
results in increased expression of chaperones and heat shock proteins such as hsp27, 
hsp60, and hsp70 [80,167,168]. Additionally, the Drosophila heat shock mutant Hsp83 
exhibits an exaggerated sleep rebound following sleep deprivation and dies much 
earlier than controls from sleep deprivation [64], suggesting a role for heat shock 
proteins in sleep homeostasis. Thus, I tested short-sleeping flies for sensitivity to 
hyperthermia; results varied depending on the temperature flies were exposed to, but a 
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dramatic sensitivity was not observed in all short-sleeping flies. This result confirms that 
short-sleeping flies do not have a broad sensitivity to different forms of stress. 
One caveat to working with short-sleeping Drosophila mutants is the strong 
selective pressure against their mutations; stocks homozygous for mutations that affect 
sleep amount will often acquire compensatory mutations that mask the sleep 
phenotype. Thus, it is commonplace for sleep mutant stocks to “lose” their sleep 
phenotype, and this can happen in as little as a few generations. I experienced this 
issue firsthand with two sleep mutants, redeye and fumin. Though these events were 
frustrating, I observed that oxidative stress sensitivity was lost simultaneously with the 
loss of the sleep phenotype, further supporting the idea that sleep loss causes 
sensitivity to oxidative stress. Additional data from the sleep mutant sleeplessP2, a P-
element insertion mutant that I found to have a slight increase in sleep, supports the 
reciprocal conclusion: that increased sleep promotes resistance to oxidative stress. 
In Chapter II, qPCR data from the heads of neuronal inc-RNAi flies showed 
upregulation of antioxidant and mitochondrial stress genes at baseline, suggesting that 
short-sleeping flies have high levels of ROS in the brain. I also performed qPCR on 
heads following paraquat injection and found that expression of several of these genes 
differed in neuronal inc-RNAi flies compared to controls, possibly providing an 
explanation for their early death after oxidative challenge. Moreover, it was 
demonstrated in Chapter II that reducing ROS levels in the brain by overexpressing 
neuronal antioxidants results in a reduction in sleep. To further demonstrate the role of 
ROS in sleep regulation, I reduced ROS levels using an alternative approach—feeding 
antioxidants—and again, observed a reduction in total sleep.     
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Challenges Encountered  
An obvious way to investigate the relationship between sleep and ROS is to 
measure ROS levels directly in the brain of a short-sleeping animal. However, direct 
measurements of ROS have been difficult due to the instability of ROS. ROS-sensitive 
fluorescent dyes including 2’,7’-dichlorofluorescein (H2DCF) and dihydroethidium (DHE) 
are used most commonly to measure ROS levels in live tissue either by fluorescent 
microscopy or by using a fluorimeter to detect levels of fluorescence [169]. A less direct 
way of investigating the amount of ROS in an organism is to measure oxidative damage 
caused by ROS in the form of protein carbonyls, lipid peroxides, or oxidized DNA. I took 
three approaches to measuring ROS in short-sleeping mutants: 1) exposing fly 
homogenate to H2DCF in a fluorescent plate reader assay, 2) injecting DHE into live 
flies and imaging fluorescence through the fly cuticle, and 3) measuring lipid 
peroxidation in fly homogenate using a TBARS assay. Some of these assays posed 
challenges or provided confusing data. Thus, additional experiments need to be 
performed to determine whether ROS levels are altered in the brains of short-sleeping 
flies.  
  Chapter II demonstrated that increasing sleep in wild type flies promotes 
resistance to oxidative challenge. An additional experiment that would strengthen this 
argument is to rescue sleep by either genetic or pharmacological means in short-
sleeping mutants and show a corresponding rescue in survival to oxidative challenge. I 
attempted the pharmacological approach to this experiment by feeding Gaboxadol to 
short-sleeping mutants. Though I did find that Gaboxadol increased sleep in all short-
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sleeping mutants, I was unable to demonstrate a rescue of survival after paraquat 
injection. Because lack of movement could result from drug toxicity as well as from 
increased sleep, Gaboxadol dosage may have been too high in these experiments. 
Rescuing sleep genetically in sleep mutants may be a better approach.   
 While sleep amount is manipulated in Chapter II via various genetic and 
pharmacological methods, a more standard method of sleep manipulation is to 
mechanically sleep deprive flies [20,64,121]. Because it is difficult to control for the 
stress induced by mechanical stimulation, which could be independent of the stress 
induced by sleep reduction, I mechanically sleep deprived control flies alongside 
neuronal inc-RNAi flies and compared their survival after paraquat injection. I 
encountered some obstacles when optimizing the sleep deprivation set up, and was not 
able to achieve a significant sleep reduction in one of the two groups of control flies. 
Nonetheless, I did not find that sleep deprivation induced a change in paraquat 
sensitivity in neuronal inc-RNAi flies or controls.  
 
New Data 
Chapter II showed that reducing neuronal ROS levels results in decreased sleep. 
If ROS levels do indeed reflect sleep need, it is important to also show that increased 
ROS levels result in prolonged sleep. Increasing ROS levels could be achieved in a 
tissue specific manner using RNAi against antioxidants, or body-wide by using mutants 
with defects in oxidative stress response genes. The latter was performed using several 
mutants with defects in oxidative stress response genes, and a consistent, but 
somewhat confusing result was observed.  
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 Lastly, it is unclear what causes short-sleeping mutants to succumb early to 
oxidative challenge. Early death could be due to the effects of oxidative stress on the 
brain, on the body, or both. If short-sleeping mutants have elevated levels of ROS in the 
brain, which directly cause sensitivity to oxidative stress, then one might expect 
reducing ROS levels in the brain via antioxidant overexpression to prolong survival after 
oxidative challenge. I performed this experiment and observed that neuronal 
overexpression of SOD1 or SOD2 actually resulted in decreased survival to H2O2 
feeding. This could be due to the reduced sleep caused by neuronal overexpression of 




Heat stress sensitivity is not ubiquitous in short-sleeping flies.  
I first tested sensitivity to hyperthermia in neuronal inc-RNAi flies and found that they 
have a very subtle sensitivity at 37°C (Fig. 3.2A). This difference was significant 
compared to both the elav control and the inc-RNAi control in only 2/4 trials. Because 
flies exhibit heat paralysis at high temperatures, it was difficult to distinguish dead flies 
from paralyzed flies. Thus, I repeated these experiments at 33°C and found that 
neuronal inc-RNAi flies were not sensitive to heat stress (Fig. 3.2B). In contrast, 
neuronal Cul3-RNAi flies died dramatically faster than controls at 33° C (Fig. 3.2C). The 
short-sleeping mutant redeye showed a less dramatic, but significant, sensitivity to heat 
stress at 33° C (Fig. 3.2D). I also performed heat stress assays with fumin mutants, 




Fig. 3.2. Heat stress sensitivity is not ubiquitous in short-sleeping flies.  
Neuronal inc-RNAi flies die slightly faster than controls at 37°C (A, p<0.05 compared to 
both controls, n=63 flies/genotype), but die at an intermediate rate relative to controls at 
33°C (B, p<0.0001 compared to elav control, p=0.0388 compared to inc-RNAi control, 
n=98-120 flies/genotype). Neuronal Cul3-RNAi flies die dramatically faster than both 
controls at 33°C (C, p<0.0001 compared to either control, n=33-40 flies/genotype), while 
redeye mutants demonstrate a more subtle sensitivity to heat relative to controls at 
33°C (D, p=0.0013, n=85-100 flies/genotype). p-values were obtained by log-rank 
analysis. Data from representative experiments are shown. All experiments were 
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was later confirmed that the fumin mutants used in these experiments had lost their 
sleep phenotype; therefore, these experiments need to be repeated. Overall, heat 
stress sensitivity is present in some, but not all, short-sleeping flies, indicating that it is 
not a direct result of sleep reduction.  
 
Loss of sleep phenotype accompanies simultaneous loss of oxidative stress 
sensitivity. 
As demonstrated in Chapter II, redeye and fumin mutants both show dramatic 
reductions in sleep relative to controls (Fig. 2.5C-D, left panels) and are both sensitive 
to oxidative stress by either paraquat injection or H2O2 feeding (Fig. 2.5C-D, middle and 
right panels). At the onset of this project, I was not aware that extensive expansion of 
homozygous sleep mutant lines, which provides ample opportunity for mutations to 
arise, can encourage lines to acquire compensatory mutations that mask their sleep 
phenotype. Some researchers avoid this problem by maintaining the sleep mutations 
over a balancer chromosome, which prevents crossing over, rather than maintaining 
homozygous stocks. When I expanded both the fumin and redeye mutant lines to 
produce large numbers of flies for experiments, I observed the complete loss (or 
masking) of the sleep phenotype in both expanded mutant lines compared to flies from 
their original stocks (Fig. 3.3A-B, left panels).  
These expanded fumin mutants that lacked a sleep phenotype were no longer 
sensitive to paraquat injection (Fig. 3.3A, middle panel) or to H2O2 feeding (Fig. 3.3A, 
right panel). H2O2 feeding assays were not performed with expanded redeye mutants, 
but it was confirmed via paraquat injection that the redeye mutants lacking their sleep  
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Fig. 3.3. Loss of the sleep phenotype in fumin and redeye mutants results in 
simultaneous loss of sensitivity to oxidative stress. 
While the original fumin (A) and redeye (B) mutant stocks still maintain their dramatic 
sleep reductions compared to control stocks (left panels, solid circles, p<0.0001 for both 
mutant stocks relative to respective control stocks, n=8-16 flies/genotype), expansion of 
these lines resulted in both fumin (A) and redeye (B) mutants losing their sleep 
phenotypes (left panels, outlined circles, p>0.05 for both expanded mutants relative to 
respective expanded controls, n=8-32 flies/genotype). Expanded fumin mutants died at 
the same rate as expanded controls after injection with paraquat (A, middle panel, 
p>0.05) and died slightly slower than expanded controls during H2O2 feeding (A, right 
panel, p=0.0031). Expanded redeye mutants also died at the same rate as expanded 
controls after injection with paraquat (B, right panel, p>0.05). For scatter plots (left 
panels), each data point represents the average sleep in minutes/day measured across 
5 days for an individual animal. Data are shown as mean ± SEM and p-values were 
obtained by unpaired students t-test (left panels) or by log-rank analysis (middle and 





























































































phenotype also lost their sensitivity to oxidative stress (Fig. 3.3B, right panel). While the 
loss of the sleep phenotypes in these mutants was frustrating, and has since been 
avoided by maintaining these stocks over balancers, these events provided additional 
evidence that sleep reduction causes sensitivity to oxidative stress.   
 
sleeplessP2 flies are long-sleeping and resistant to oxidative stress. 
In Chapter II, the short-sleeping phenotype of sleepless∆40 mutants was verified (Fig. 
2.5B, left panel). sleepless∆40 mutants were the result of an imprecise excision of a P-
element inserted into the sleepless gene, and mutants containing the original P-
element, sleeplessP1, also sleep less than control flies [36]. Another P-element insertion 
into the 3’UTR of the sleepless locus resulted in sleeplessP2 flies, which were previously 
shown to have wildtype or very slightly reduced levels of sleep [36]. However, when I 
measured sleep in sleeplessP2 mutants, I found that they slept more than control flies 
(Fig. 3.4A). Additionally, sleeplessP2 mutants died slower than controls after paraquat 
injection (Fig. 3.4B), further supporting the conclusion from Chapter II that increased 
sleep promotes resistance to oxidative challenge.    
 
Neuronal inc-RNAi flies have altered gene expression following paraquat 
injection. 
To determine whether early death after oxidative challenge in neuronal inc-RNAi flies is 
caused by altered expression of cytoprotective genes in the brain, I performed qPCR on 
the heads of neuronal inc-RNAi and control flies following paraquat injection. I 
measured expression of the same antioxidant, mitochondrial stress response, and ER  
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Fig. 3.4. sleeplessP2 mutants have prolonged sleep and are resistant to oxidative 
stress.  
sleeplessP2 mutants sleep about 30% more than control flies (A, p<0.0001, n=15-16 
flies/genotype) and die slower than controls after injection with paraquat (B, p<0.0001, 
n=77-123 flies/genotype). For scatter plot (A), each data point represents the average 
sleep in minutes/day measured across 5 days for an individual animal. Data are shown 
as mean ± SEM. p-values were obtained by unpaired students t-test (A) or by log-rank 
analysis (B). Data from representative experiments are shown. Experiments were 


















































stress response genes measured at baseline in Chapter II (Fig. 2.7A). For many of 
these genes, there was no difference in paraquat-induced gene expression between 
neuronal inc-RNAi flies and controls (Fig. 3.5 A-D). In contrast, while controls showed 
increased expression of catalase and hsp60 after paraquat injection, neuronal inc-RNAi 
flies failed to respond to paraquat with any change in gene expression (Fig. 3.5 E-F). 
Moreover, while control flies showed no change in ClpX and Pink1 expression after 
paraquat injection, neuronal inc-RNAi flies exhibited decreased expression after  
paraquat injection (Fig. 3.5 G-H). This failure to properly express protective stress 
response genes in the head following paraquat injection may explain why neuronal inc-
RNAi flies succumb earlier than controls after acute oxidative stress.  
 
Antioxidant feeding reduces sleep amount. 
In Chapter II, overexpressing antioxidants in neurons caused a reduction in sleep (Fig. 
2.8). To verify this result using a pharmacological approach, I fed wildtype flies one of 
two antioxidants: N-acetylcysteine, which replenishes glutathione levels in the body, or 
melatonin, a potent endogenous antioxidant. Melatonin feeding resulted in an 8% 
decrease in sleep (Fig. 3.6) and NAC feeding caused a similar, but not significant, trend 
(Fig. 3.6). These results suggest that decreasing ROS levels by dietary antioxidants 
causes a small reduction in total sleep amount.  
 
Measuring ROS levels in short-sleeping flies. 
My first approach to measuring ROS in short-sleeping flies was to use the ROS-
sensitive dye H2DCF, which reacts with H2O2 to form a fluorescent green product. While 
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Fig. 3.5. Neuronal inc-RNAi flies show altered expression of stress response 
genes following paraquat injection. After paraquat injection, neuronal inc-RNAi flies 
and controls express similar levels of the following genes in the head: SOD1 (A), 
GSTS1 (B), GSTO1 (C), and BiP (D) (p>0.05 for each gene relative to either control, 
n=6 biological replicates/genotype). While controls respond to paraquat injection with 
increased head expression of both catalase (E, p<0.05 relative to either control, n=6 
biological replicates/genotype) and hsp60 (F, p<0.01 relative to either control, n=6 
biological replicates/genotype) relative to baseline expression, neuronal inc-RNAi flies 
do not show a significant change in expression of either catalase (E, p>0.05, n=5 
biological replicates/conditoin) or hsp60 (F, p>0.05, n=6 biological replicates/condition). 
Following paraquat injection, control expression of the mitochondrial stress genes Pink1 
(G, p>0.05 relative to either control, n=5-6 biological replicates/condition) and ClpX (H, 
p>0.05 relative to either control, n=6 biological replicates/condition) is comparable to 
baseline levels in the head, while neuronal inc-RNAi expression of both Pink1 (G, 
p<0.0001, n=6 biological replicates/condition) and ClpX (H, p<0.01, n=6 biological 
replicates/condition) is reduced compared to baseline levels in the head. Expression is 
normalized to actin. Data are shown as mean ± SEM. Each data point represents an 
independent biological replicate with 15-20 individual fly heads per biological replicate. 
p-values were obtained by ordinary one-way ANOVA followed by a Tukey post hoc test 
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Fig. 3.6. Antioxidant feeding in wildtype flies reduces sleep.  
Wildtype flies were fed food mixed with NAC (dissolved in water), or food mixed with 
water alone. NAC fed flies slept about 6% less than control flies, though the difference 
did not reach significance (p=0.0677, n=16 flies/condition). Alternatively, wildtype flies 
were fed food mixed with melatonin (dissolved in ethanol) or food mixed with ethanol 
alone. Melatonin fed flies slept about 8% less than controls (p=0.0499, n=16 
flies/condition). Each data point represents the average sleep in minutes/day measured 
across 5 days for an individual animal. Data are shown as mean ± SEM. p-values were 
obtained by unpaired students t-test. Data from a representative experiment are shown. 
Experiment was performed twice.  




































H2DCF is commonly thought of as a specific indicator of H2O2, it can be oxidized by 
other forms of ROS as well, so it is more accurate to consider it a general marker for 
oxidative stress [169]. Because the majority of ROS in the body is produced by 
mitochondria [170], I separated fly homogenate into mitochondrial and cytosolic 
fractions. I added H2DCF dye and respiration buffer, containing mitochondrial substrates  
to promote respiration, to the mitochondrial and cytosolic fractions from neuronal inc-
RNAi and control heads and then measured fluorescence using a fluorescent plate 
reader. I found that neuronal inc-RNAi heads had slightly higher ROS levels in the 
cytosolic fraction relative to controls (Fig. 3.7A, left panel), consistent with the idea that 
short-sleeping flies have high baseline levels of ROS in the brain. This trend was 
contrasted by slightly lower levels of ROS in the mitochondrial fraction of neuronal inc-
RNAi heads, though this difference was not significant compared to the elav control 
(Fig. 3.7A, right panel). Lower ROS in the mitochondrial fraction was unexpected, but 
may indicate that neuronal inc-RNAi flies have damaged mitochondria that are unable to 
respire normally.  
 To determine whether neuronal inc-RNAi flies have higher levels of oxidative 
damage in the brain caused by chronically elevated ROS, I measured lipid peroxidation. 
ROS react with poly unsaturated fatty acids to form unstable peroxides that break down 
into a number of compounds, including malondialdehyde (MDA). MDA reacts with 
thiobarbituric acid to form an MDA-adduct, which can be quantified colorimetrically 
[171]. I measured baseline MDA levels in whole body (3.7B, left panel) and heads 
(3.7B, right panel) and found in both cases that neuronal inc-RNAi flies had MDA levels 
comparable to controls.   
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Fig. 3.7 Measuring ROS and oxidative damage in neuronal inc-RNAi flies. 
ROS-sensitive H2DCF dye was added to fly homogenate from neuronal inc-RNAi and 
control heads that had previously been separated into cytosolic (A, left panel) and 
mitochondrial (A, right panel) fractions. Compared to controls, neuronal inc-RNAi flies 
had elevated fluorescence, indicating higher ROS, in the cytosolic fraction (p<0.05 
relative to either control, n=10 biological replicates/genotype), and fluorescence in the 
mitochondrial fraction that was comparable to the elav control but lower than the inc-
RNAi control (p>0.05 relative to elav control, p<0.0001 relative to inc-RNAi control, n=9 
biological replicates/genotype). Pooled data from 3 independent experiments are 
shown; to correct for variation in fluorescence range between experiments, data was 
normalized to the genotype with the lowest average value per experiment (A). MDA 
content was measured as an indicator of lipid peroxide levels in the whole fly (B, left 
panel), or heads (B, right panel). In both cases, neuronal inc-RNAi flies had MDA levels 
comparable to the elav control, and elevated compared to the inc-RNAi control (p>0.05 
relative to elav control, p<0.01 relative to incRNAi control, n=3 biological 
replicates/genotype). Data from a single experiment are shown (B). All data are shown 
as mean ± SEM. Each data point represents an independent biological replicate 
containing 30-40 heads, or 30 whole flies. p-values were obtained by ordinary one-way 
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Lastly, I used the ROS-sensitive dye DHE to measure ROS levels in live flies. 
DHE reacts specifically with superoxide radicals to form a red fluorescent product that 
intercalates with DNA [169]. Due to its specificity and its ability to stay within cells, DHE 
is considered a less problematic alternative to H2DCF. I injected DHE into live neuronal 
inc-RNAi and control flies and imaged through the dorsal cuticle of their abdomen. 
Variability was high between individual flies, but when data was pooled from multiple 
experiments I observed a very small increase in neuronal inc-RNAi flies (Fig. 3.8A, left 
panel). A similar, but not significant, trend was observed when neuronal inc-RNAi flies  
were injected with Alexa568 (Fig. 3.8A, right panel), which I used as a control dye 
because it has a similar emission wavelength to DHE. The subtle difference in 
fluorescence after injection with the control dye indicates that any differences observed 
after injection with DHE may be artificial – possibly resulting from smaller body volume 
in neuronal inc-RNAi flies. 
I repeated these experiments in short-sleeping redeye mutants and observed no 
difference between mutants and controls when injected with either DHE or the control 
dye (Fig. 3.8B). When I instead performed these experiments with the dramatically 
short-sleeping mutant fumin, I found that fumin mutants had significantly higher ROS 
levels (Fig. 3.8C, left panel), however they also had significantly higher signal when 
injected with the control dye (Fig. 3.8C, middle panel). Since the same amount of dye is 
injected into each fly, I would expect smaller flies to have more concentrated dye and 
thus exhibit higher fluorescent signal. However, fumin mutants look slightly larger than 
controls by eye, and when I measured their mass I found that they were indeed trending 
larger (Fig. 3.8C, right panel), though the difference was not significant. It is unclear 
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Fig. 3.8. ROS measurements in live short-sleeping flies by DHE injection.  
Live flies were injected with DHE and imaged through the dorsal cuticle of the abdomen. 
After DHE injection, neuronal inc-RNAi flies exhibited slightly higher fluorescence 
relative to controls (p<0.05 relative to either control, n=93-120 flies/genotype, pooled 
data from 5 independent experiments are shown), and showed a similar but not 
significant trend when injected with the control dye, Alexa568 (p>0.05 relative to either 
control, n=30-42 flies/genotype, pooled data from 2 experiments independent 
experiments are shown). Redeye mutants exhibited no difference in fluorescence after 
injection with either DHE (p>0.05, n=53-55 flies/genotype, pooled data from 2 
independent experiments are shown) or Alexa568 (p>0.05, n=17-18 flies/genotype, data 
from a single experiment are shown). fumin mutants showed higher fluorescence after 
either DHE injection (p<0.0001, n=108-120 flies/genotype, pooled data from 4 
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independent experiments are shown) or Alexa568 (p<0.0001, n=24 flies/genotype, data 
from a single experiment are shown). Increased fluorescence even with the control dye 
cannot be explained by smaller size in fumin mutants, as indicated by their mass, which 
is comparable (though trending larger) to controls (p=0.09, n=80 flies/genotype, data 
from a single experiment are shown. All data are shown as mean ± SEM Each data 
point represents an individual animal, expect for C (right panel), where each data point 
represents a group of 10 flies. p-values were obtained by ordinary one-way ANOVA 
followed by a Tukey post hoc test to correct for multiple comparisons (A), or by unpaired 
students t-test (B-C).  



















what is causing the difference in fluorescence after injection with control dye, but it may 
not be coincidence that the same problem occurred in both neuronal inc-RNAi flies and 
fumin mutants. One possibility is that the control dye is also sensitive to oxidation, like 
DHE.  
 
Gaboxadol feeding rescues sleep in short-sleeping flies, but may not rescue 
sensitivity to oxidative stress.  
In Chapter II, wild type flies were fed the sleep-inducing drug Gaboxadol, which resulted 
in extended survival after paraquat injection compared to vehicle-fed controls (Fig. 
2.6B). I wondered whether Gaboxadol treatment would rescue the short sleep 
phenotype of short-sleeping flies, as well as rescue their corresponding oxidative stress 
sensitivity.  
First, I investigated Gaboxadol’s effect on sleep in short-sleeping flies. I found 
that Gaboxadol feeding increased sleep in neuronal inc-RNAi flies nearly to the same 
levels as controls, but there was still a slight difference between neuronal inc-RNAi  flies 
and controls during Gaboxadol treatment (Fig. 3.9A). In the case of sleepless mutants, 
Gaboxadol-feeding increased sleep in both mutants and controls, such that sleep in 
Gaboxadol-fed sleepless flies was comparable to Gaboxadol-fed controls (Fig. 3.9B). 
However in fumin mutants, only a partial rescue was observed (Fig. 3.9C). Half of the 
fumin mutants failed to respond to the drug, while the other half showed sleep levels 
comparable to vehicle fed controls. The subset of fumin mutants that responded to the 
drug still slept less than Gaboxadol-fed controls. Lastly, redeye mutants showed a 
surprisingly large response to Gaboxadol, surpassing the sleep amount of drug-fed  
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Fig. 3.9. Gaboxadol feeding rescues sleep to varying degrees in several short-
sleeping flies.  
Gaboxadol (Gx) feeding increased sleep in neuronal inc-RNAi flies and controls relative 
to vehicle-fed counterparts (A, p<0.0001 for each genotype, n=10-12 flies/genotype), 
but there was still a significant difference in sleep between Gx-fed inc-RNAi flies and G-
fed controls (p<0.05 relative to either control). Gx-feeding increased sleep in both 
sleepless mutants and controls relative to vehicle-fed counterparts (B, p<0.0001 for 
each genotype, n=6-11 flies/genotype), and there was no difference in sleep between 
Gx-fed sleepless flies and Gx-fed controls (p>0.05). While Gx-feeding resulted in a 
significant increase in sleep in both fumin mutants and controls relative to vehicle-fed 
counterparts (C, p<0.05 for each genotype, n=8 flies/genotype), only a subsut of fumin 
mutants responded to the drug and there was still a significant difference in sleep 
between Gx-fed fumin mutants and Gx-fed controls (p<0.01). Lastly, Gx-fed redeye 
mutants showed a robust increase in sleep compared to vehicle-fed counterparts, while 
Gx-fed controls did not show a significant increase in sleep (D, p<0.0001 for redeye, 
p>0.05 for control, n=8-10 flies/genotype). This difference in response to Gx resulted in 
Gx-fed redeye mutants sleeping more than Gx-fed controls (p<0.01). Each data point 
represents the average sleep in minutes/day measured across 5 days for an individual 
animal. Data are shown as mean ± SEM. p-values were obtained by one-way ANOVA 
followed by a Tukey post hoc test to correct for multiple comparisons (A), or by unpaired 
students t-test by unpaired students t-test. Data from a representative experiment are 














































































controls, which were the only group that did not show a significant increase in sleep 
from Gaboxadol treatment (Fig. 3.9D).  
Next I subjected Gaboxadol-fed inc-RNAi flies and controls to paraquat injection, 
to determine whether sleep rescue could also rescue the oxidative stress sensitivity of 
inc-RNAi flies. I tested the same experimental paradigm previously used with wild type 
flies in Chapter II (Fig. 2.6B): flies were fed Gaboxadol for 3 days, injected with 
paraquat, and returned to fresh Gaboxadol food for the remainder of the experiment. 
With neuronal inc-RNAi flies and controls, I found that there was a noticeable collapse 
in survival curves between the Gaboxadol-fed groups (Fig. 3.10B) compared to the 
robust difference seen in the vehicle-fed groups (Fig. 3.10A). However, there was not a 
global shift toward increased survival after paraquat injection in the Gaboxadol-fed flies, 
as was previously seen in wild-type flies exposed to the same experimental conditions 
(Fig. 2.6B). While Gaboxadol-fed neuronal inc-RNAi flies showed a very slight and not 
significant survival advantage over their vehicle-fed counterparts, both Gaboxadol-fed 
controls showed decreased survival relative to their vehicle-fed counterparts. This result 
is not consistent with the effect of Gaboxadol in wild type flies. Different genetic 
backgrounds likely vary in their sensitivity to Gaboxadol; it is possible that the dosage of 
the drug used in these experiments was causing toxicity in the neuronal inc-RNAi flies 
and controls. Toxicity would not be detected by sleep analysis since it likely causes 
reduced movement, as does increased sleep.   
 
Mechanical sleep deprivation 
Mechanical disruption of sleep by repeated shaking or tapping is the standard method 




Fig. 3.10. Gaboxadol-feeding collapses difference in survival after PQ injection in 
neuronal inc-RNAi flies.  
While vehicle-fed neuronal inc-RNAi flies died faster than controls after paraquat 
injection (A, p<0.0001 relative to either control, n=43-60 flies/genotype), Gaboxaol-fed 
neuronal inc-RNAi flies died at the same rate as incRNAi controls and at a faster rate 
than elav controls (B, p<0.0001 relative to elav control, p=0.3173 compared to inc-RNAi 
control, n=54-60 flies/genotype). Gaboxadol-feeding does not confer a significant 
survival advantage after PQ injection in these flies. p-values were obtained by log-rank 
analysis. Data from representative experiments are shown. Experiments were 
performed three times.  
   




















































of sleep deprivation in the fruit fly. Since the short-term feeding of Gaboxadol in  
wildtype flies was sufficient to promote resistance to oxidative stress (Fig. 2.6B), I 
wondered whether subjecting wildtype flies to short term sleep deprivation would be 
sufficient to cause oxidative stress sensitivity. Because this method of sleep deprivation 
induces stress that could act as a confounding variable, I chose to subject short-
sleeping neuronal inc-RNAi flies to mechanical sleep deprivation (which should 
presumably have little effect) and compare their survival after paraquat injection to the 
survival of mechanically sleep deprived control flies (elav and inc-RNAi controls). As an 
additional control, I also performed paraquat injections on unmolested (not mechanically 
disturbed) neuronal inc-RNAi flies and controls to allow comparison of death rates 
between the two conditions.  
 First, I optimized the mechanical sleep deprivation system such that control flies 
slept about as much as neuronal inc-RNAi flies. To achieve this, flies were attached to a 
vortexer that shook repeatedly over the full 12 hours of their subjective night. I found 
that shaking flies for periods any longer than 12 hours was ineffective because flies 
began to sleep even during shaking. Using this experimental set up, 12 hours of sleep 
deprivation resulted in no significant difference in nighttime sleep between sleep- 
deprived neuronal inc-RNAi flies and controls (Fig. 3.11A, black bar); however, the 
sleep reduction in the inc-RNAi controls was minor, and often too subtle to reach 
significance compared to sleep in unmolested inc-RNAi controls (Fig. 3.11A, light gray 
bar). Thus, for these experiments, elav controls serve as a better representation of 
sleep-deprived flies than the inc-RNAi controls.  
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Fig. 3.11. One night of mechanical sleep deprivation does not cause sensitivity to 
oxidative stress. Unmolested (UM) neuronal inc-RNAi flies sleep significantly less than 
their UM controls during the fly’s subjective night (A, p<0.001 relative to either control, 
n=29-36 flies/genotype). 12 hours of mechanical sleep-deprivation (SD) results in no 
significant difference in nighttime sleep amount between neuronal inc-RNAi flies and 
controls (A, p>0.05 relative to either control, n=30-36 flies/genotype). While SD elav 
controls sleep significantly less than UM elav controls (A, p<0.001, dark gray bar), SD 
inc-RNAi controls do not have a significant reduction in sleep compared to UM inc-RNAi 
controls (A, p>0.05, light gray bar). Paraquat injected UM flies (B, left panel, n=7-9 
flies/genotype) die at a similar rate to paraquat-injected SD flies (B, right panel, n=30-
34), and in both conditions neuronal inc-RNAi flies die faster than controls. For scatter-
plot (A), each data point represents the number of minutes slept by an individual fly in a 
single night; data are shown as mean ± SEM. p-values were obtained by one-way 
ANOVA followed by a Tukey post hoc test to correct for multiple comparisons (A), or by 
log-rank anlaysis (B). Data from a representative experiment are shown. Experiments 






























































To determine whether sleep-deprived control flies become sensitized to oxidative 
stress, I injected neuronal inc-RNAi and control flies with paraquat just before the start 
of the subjective night; half of the flies were then sleep-deprived while the other half  
were left unmolested. I found that the sleep-deprived flies had very similar death rates 
compared to their unmolested counterparts following sleep deprivation (Fig. 3.11B). 
This result suggests that 12 hours of mechanical sleep deprivation is not sufficient to 
induce oxidative stress sensitivity.  
 
Reduced sleep in stress response mutants.  
Since reducing ROS levels in the brain caused a reduction in sleep (Fig. 2.8B), I 
wondered if mutants with altered ROS levels would also have altered sleep. I measured 
sleep in flies carrying mutations in genes that are induced by ROS: nrf2, an important 
antioxidant transcription factor, GSTS1, a major antioxidant, and hsp60, a mitochondrial 
UPR chaperone. I found that each of these mutants had significantly reduced total sleep 
relative to controls (Fig. 3.12A). I also found that these mutants slept in short bouts, 
displaying a reduced average bout length compared to controls (Fig. 3.12B), which 
accounted for their reduction in total sleep. Though they slept less, these mutants 
initiated more sleep bouts per day than control flies (Fig. 3.12C), indicating a defect in 
sleep maintenance. I observed a similar pattern in a number of other stress response 
mutants (Appendix III, Table 3.1).  
While these results are striking, I found that it was much less straightforward to 
determine in what way ROS levels were altered in these mutants. I had originally 





Fig. 3.12. Altered sleep in stress response mutants. Flies with mutations in three 
genes that respond to high ROS levels—nrf2, GSTS1, hsp60—show the following 
alterations in sleep: reduced total daily sleep (A, p<0.001), reduced average sleep bout 
length (B, p<0.0001), and increased total daily sleep bout number (C, p<0.01). Each 
data point represents the measurement in a single fly averaged across 5 days. Data are 
shown as mean ± SEM. p-values were obtained by unpaired students t-test by unpaired 
students t-test. Data from a representative experiment are shown. Experiments were 
performed at least three times.   



























































levels, because they each have defects in responses that are induced by ROS. 
However, oxidative stress assays yielded variable results (Appendix III, Table 3.2) 
possibly due to compensatory induction of oxidative stress responses that resulted in a 
survival advantage in response to moderate oxidative challenge, but a disadvantage in 
response to stronger oxidative challenge.     
   
Neuronal antioxidant overexpression causes sensitivity to oxidative stress.  
In order to determine whether reduced ROS in the brain has an effect on survival after 
oxidative challenge, I performed a H2O2 feeding assay on flies overexpressing neuronal 
SOD1, SOD2, or catalase (cat). Interestingly, neuronal overexpression of SOD1 and 
SOD2 both caused sensitivity to H2O2 feeding (Fig. 3.13 A-B), while neuronal cat 
overexpression had little effect (Fig. 3.13 C). This result suggests that ROS levels in the 
brain are not important for the body’s survival to oxidative challenge, but rather, that 
sleep reduction caused by reduced ROS in the brain may influence susceptibility to 
oxidative challenge in the body.   
 
Discussion 
This chapter provides additional support to some of the main conclusions made in 
Chapter II. Here, I showed that short-sleeping mutants are not sensitive to heat stress 
(Fig. 3.2), suggesting that sleep plays a specific role in oxidative stress, rather than a 
broad role in various stress responses. Moreover, simultaneous loss of the sleep 
phenotype and oxidative stress sensitivity in fumin and redeye mutants (Fig. 3.3) 




Fig. 3.13 Neuronal overexpression of SOD1 and SOD2 causes sensitivity to 
oxidative stress.   
The pan-neuronal driver elav was used to overexpress antioxidants SOD1, SOD2, and 
cat in the brain. Neuronal overexpression of SOD1 (A) and SOD2 (B) resulted in faster 
death from H2O2 feeding (p<0.01 relative to either control). Neuronal overexpression of 
cat resulted in no difference in death rate compared to the elav control, and faster death 
compared to the UAS-cat control (C, p<0.01 relative to elav control, p>0.05 relative to 
UAS-cat control). p-values were obtained log-rank analysis. Data from a single 







































































sleeping sssP2 mutants add to the evidence that increased sleep promotes survival to 
oxidative challenge (Fig. 3.4). Altered expression of antioxidant and mitochondrial stress 
genes in the heads of neuronal inc-RNAi flies following paraquat injections provides a 
potential explanation for sensitivity to oxidative challenge (Fig. 3.5). Lastly, antioxidant 
feeding reduces sleep amount (Fig. 3.6), supporting the conclusion that ROS plays a 
role in sleep regulation. 
 This chapter also discussed experimental challenges and data that were more 
difficult to interpret. Direct measurements of ROS by H2DCF indicate slightly elevated 
ROS levels in the brain of neuronal inc-RNAi flies (Fig. 3.7), but this result is specific to 
the cytosolic fraction, and DHE injection experiments failed to clarify whether ROS 
levels are altered in the body of short-sleeping flies (Fig. 3.8). Gaboxadol was shown to 
rescue sleep in short-sleeping flies (Fig. 3.9), but did not rescue oxidative stress 
sensitivity in neuronal inc-RNAi flies (Fig. 3.10). This experiment requires further 
optimization to ensure that the dosage of Gaboxadol is appropriate for different genetic 
backgrounds. Toxicity caused by too high a dosage of Gaboxadol would be difficult to 
distinguish from increased sleep by an activity monitor because both result in decreased 
movement. Additionally, 12 hour mechanical sleep deprivation was successful in 
reducing sleep in only one of the two control flies tested (elav control), but nonetheless, 
did not result in any change in sensitivity to oxidative stress in any genotype (Fig.11). 
These challenges will be further discussed in Chapter V.  
  Lastly, new data have provided some interesting insight into the relationship 
between sleep and ROS. Several mutants harboring defects in genes that respond to 
oxidative stress display severely altered sleep (Fig. 3.12). However, it is unclear exactly 
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how ROS is affected in each of these mutants, making the interpretation of this result 
difficult. Additionally, flies overexpressing neuronal SOD1 or SOD2, which was shown to 
reduce sleep in Chapter II (Fig. 2.8), are sensitive to H2O2 feeding (Fig. 3.13). This 




Heat Stress Assay 
Flies were stored in 37° or 33° C incubators throughout experiment. Vials containing 
different genotypes of flies were interweaved in case of heat pockets within the 
incubator. Death was assessed every hour (37°) or several times a day (33°) by tapping 
the vile vigorously and recording the number of flies that showed no movement. Flies 
kept at 33° were flipped onto new vials every other day.  
 
Antioxidant Feeding 
N-acetyl-cysteine was dissolved in water and added to melted cornmeal food to a 
concentration of 10 mM. Melatonin was dissolved in water containing 2% ethanol and 
added to melted cornmeal food to a concentration of 2 mM. In each case, control food 
was made by adding the appropriate amount of vehicle alone to melted cornmeal food. 
 
H2DCF Assay 
Flies were decapitated on ice. 30 heads per sample were gently homogenized by hand 
in MIM buffer. Homogenate was subjected to a low speed centrifugation to pellet debris. 
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Homogenate was then centrifuged at higher speed; supernatant was removed (cytosolic 
fraction) and pellet was resuspended in respiration buffer (mitochondrial fraction). 
H2DCF was dissolved in anhydrous DMSO, and then diluted in respiration buffer and 
added to the homogenate to a final concentration of 15 uM. Samples were added to a 
(clear bottom) black 96 well plate and fluorescence was measured by a fluorescent 
plate reader.  
 
Lipid Peroxidation Assay 
30 whole flies or 40 heads were used per biological replicate. MDA levels were 
measured following the specifications of the TBARS Assay Kit (Cayman Chemical) 
Colorimetric Protocol.  
 
DHE Injection and Imaging Assay 
100 nL of 20 mM DHE (dissolved in anhydrous DMSO and diluted in PBS) were injected 
into live flies. Flies were immediately superglued to a coverslip, with wings spread, and 
imaged through the dorsal cuticle of the abdomen using an epifluorescent microscope. 
Mean fluorescence values were obtained by tracing the first three abdominal segments 
below the thorax using Image J software.  
 
Mechanical Sleep Deprivation Assay 
Drosophila Activity Monitors were attached to a Troemner multi-tube vortexer that was 
stored inside an incubator. The vortexer was set to shake for 2 seconds at random 
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intervals every 2 to 36 sec. Shaking occurred for the full 12 hours of the subjective 
night.  
 
Sleep Analysis, Paraquat Injection, H2O2 feeding, qPCR,  and Gaboxadol Feeding 

























Chapter IV: The Loneliness Effect on Health 
 
An estimated 20-40% of older people in Western nations describe themselves as lonely, 
and upwards of 7% report chronic loneliness [172]. A longitudinal study from 2006 found 
that these numbers are growing; in fact, the number of Americans who report having no 
close personal contacts has tripled in only two decades [173]. This increase in 
loneliness is especially distressing given the number of harmful effects that loneliness 
has been shown to have on health and general well-being. Several studies have shown 
that socially isolated individuals experience higher mortality rates than non-isolated 
individuals with similar biological and behavioral health factors [172,174]. More 
specifically, lonely people tend to develop both heart disease and cancer more often 
than others, and those who remain lonely during these illnesses tend to have worse 
outcomes [175]. Based on these data, social isolation has been likened to health risk 
factors as serious as obesity, sedentary lifestyles, and possibly even smoking [176]. 
One study that investigated the possible mechanisms underlying the increased mortality 
rate in lonely individuals identified cardiovascular activation and sleep dysfunction as 
two potential pre-disease mechanisms [177]; however, few studies of this kind have 
been reported and little progress has been made in understanding these mechanisms 
on a molecular level.  
One effect of social isolation that has been widely studied in both humans and 
other mammals is immune system dysfunction. Studies conducted on first year medical 
students and psychiatric inpatients showed that lonelier individuals tended to have 
poorer cellular immunity, relative to their less lonely counterparts [178–180]. Likewise, a 
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study in college freshmen showed that loneliness correlated with compromised humoral 
immunity, indicated by decreased antibody response to an influenza vaccine [181]. 
Several groups have used social mammals to model the effects of social isolation on 
health and immunity. Social isolation has been shown to contribute to obesity and type 
2 diabetes in mice [182], lower expression of glucocorticoid regulating genes in the 
frontal cortex of piglets [183], raise cortisol production and lower lymphocyte 
proliferative response to mitogens in pigs [184], increase oxidative stress in the aortic 
arch of rabbits [185], and heighten the morning-associated rise in cortisol production in 
squirrel monkeys [186]. Given the inhibitory effects of glucocorticoids, including cortisol, 
on the immune system, these studies provide supporting evidence that social isolation 
causes immune dysfunction, among other deleterious effects, in mammals.  
Research has also been conducted on the effects of social isolation in 
invertebrates. Social isolation in the crayfish [187], cricket [188], honey bee [189], wasp 
[190], and fruit fly [191–193]increased aggression, as well as locomotive activity and 
dispersion in butterflies [194] and locusts [195]. In response to social isolation, 
Drosphila in particular has also exhibited reduced need for sleep [196], decreased fiber 
number in the mushroom bodies [197], and altered nerve and muscle excitability and 
enhanced synaptic transmission at larval neuromuscular junctions (NMJs) [198]. One 
group found that flies carrying mutations in two genes implicated in redox metabolism, 
Hyperkinetic (Hk) and glutathione S-transferase-S1 (gsts1), showed increased 
aggression and larval neuromuscular hyperexcitability compared to wild-type flies, even 
in group settings. These mutants had increased reactive oxygen species (ROS) at larval 
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NMJs [198]. Such findings raise the possibility that ROS may be involved in altering the 
behavior of socially isolated flies.   
Though Drosophila is a social species, it does not exhibit the phenomenon of 
social immunity that has been described in other invertebrates. Studies in insects such 
as honey bees, locusts, and ants have described social immunity strategies including 
the following: behavioral fever, in which members of a group huddle together and move 
to warmer locations in order to reach a temperature that limits pathogen growth [199]; 
physical removal of parasites through grooming behaviors [200]; quarantine, or the 
removal of corpses from the nest [201]; and the incorporation of anti-microbial materials 
in nest building [202].   
While collective defenses against disease have not been described in 
Drosophila, its cellular defenses against disease have been widely studied. Innate 
immunity in the fly is characterized by three main immune responses: anti-microbial 
peptide (AMP) production, melanization, and phagocytosis. Flies utilize different 
immune branches depending on the type of infection they are combatting.  
Here, I investigated the impact of social insolation on immunity in the fruit fly. I 
challenged flies with a panel of different bacteria in order to analyze the function of the 
different immune mechanisms in response to social isolation. Significant challenges 
were encountered in this project, which will be discussed below.  
 
Results 
To characterize the effects of social context on immunity against infection, I conducted 
survival assays on male wild-type Oregon R (OR) and Canton S (CS) flies injected with 
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either S. marcescens  or L. monocytogenes. Two social contexts were used in these 
experiments: complete isolation, in which a single fly was placed in a vial that had been 
physically separated from other vials by cardboard dividers, and group setting, in which 
20 flies were placed together in a vial. In the case of S. marcescens infection, I found 
that isolated OR flies died dramatically faster than their grouped siblings in about 1/5 of 
the experiments conducted (Fig. 4.1A). Other times, I observed smaller and not 
significant trends, and some of the time I observed no difference. Similar results were 
obtained with CS flies (data not shown).  
 Interestingly, in the case of L. monocytogenes infection, OR flies consistently 
showed no difference in survival between isolated and grouped flies (Fig. 4.1B), and 
similar results were observed in CS flies (data not shown). Reduced survival after 
infection with only specific bacterial pathogens suggests that social isolation impacts 
only certain aspects of immune function, since different pathogens elicit different 
immune responses.  
 
Discussion  
S. marcescens infection elicits a phagocytic response in the fruit fly, while L. 
monocytogenes elicits a melanization response, suggesting that social isolation 
specifically impacts phagocytosis, but has no effect on the melanization response. 
However, I did not pursue further investigation with this project because I was unable to 
obtain consistent results with S. marcenscens infection or with other pathogens tested. 
In fact, the only consistent result I obtained was that social isolation had no impact on 




Fig. 4.1. Isolated flies are sensitive to some pathogens but not others.  
Isolated OR flies died significantly faster than grouped flies after injection with S. 
marcescens (A, p=00032, n=20 flies/condition). This experiment is representative of the 
1/5 experiments that were significant; others showed similar trends or no trend at all. 
Isolated and grouped OR flies consistently died at the same rate after injection with L. 
monocytogenes (B, p=0.0418, n=20 flies/condition). p-values were obtained by log-rank 


















































 Interestingly, sleep is reduced in the context of social isolation in fruit flies [151] 
and social isolation has been shown to cause increased ROS levels in the cortex of 
mice [203]. It would be interesting to re-visit this paradigm to test other pathogens, such 
as P. rettgeri, or to look for differences in response to oxidative stress.  
 
Methods 


















Chapter V: Discussion 
 
In Chapters II and III, short-sleeping flies were used as a model of chronic sleep 
restriction, representing a new approach to sleep research that diverges from the 
standard method of mechanical sleep deprivation. A molecularly diverse group of short-
sleeping mutants share a common phenotype of oxidative stress sensitivity. Other 
genetic and pharmacological approaches demonstrate that increasing sleep promotes 
resistance to oxidative stress, and that reducing ROS levels in the brain reduces sleep. 
Gene expression data also indicate that ROS levels may be increased in the brains of 
short-sleeping mutants. This is the first evidence demonstrating a clear relationship 
between sleep and oxidative stress in the fruit fly.  
Together, these data fit a model in which ROS levels in the brain regulate sleep, 
and sleep serves to clear ROS from the brain (and potentially from the body). A 
metabolically active brain produces ROS that accumulate over the course of the wake 
period, until they reach a critical threshold. An unknown mechanism (ie. ROS-activated 
opening of potassium channels to reduce neuronal excitability) initiates sleep, at which 
point the metabolic rate of the brain dramatically drops. A lower rate of ROS production 
provides antioxidants with a chance to neutralize the remaining ROS from neurons. This 
process is aided by the glymphatic system [106] which increases convective flow during 
sleep, thereby physically removing ROS from the brain. When ROS are lowered to a 
critical threshold, the same unknown mechanism (i.e. potassium channels closing to 
induce neuronal excitability) initiates wake. 
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However, several unanswered questions still remain. Without direct 
measurements of ROS in the brain, we can’t be sure that ROS accumulates in the 
brains of short-sleeping flies. Also, it is unclear whether susceptibility to oxidative stress 
in short-sleeping flies is caused by heightened levels of ROS in the brain, or whether 
sleep restores antioxidant function to the body. These and other remaining questions 
and future directions will be discussed below.  
 
Heat Stress and the Unfolded Protein Response 
Confirmation that not all short-sleeping mutants are sensitive to heat stress provides 
two important insights: 1) First, this result helps to confirm that short-sleeping mutants 
are not simply sensitive to all forms of stress across the board. Though these mutants 
are all short-sleeping, they harbor mutations in diverse genes that result in varied 
responses to heat stress and immune challenge. Thus, their shared susceptibility to 
oxidative stress is unique, and illuminates how vital sleep is for this function. 2) Second, 
heat stress should induce protein misfolding and activate the unfolded protein response 
(UPR) in the ER and mitochondria. Increased expression of the ER UPR gene BiP in 
sleep-deprived flies [21,204] and rodents [149,167] has been presented as evidence 
that sleep serves a vital role in clearing misfolded proteins. Because high levels of ROS 
can also induce protein misfolding and activation of the UPR, it is important to 
distinguish between the two types of stress. Lack of a global heat sensitivity across 
short-sleeping mutants argues against clearance of misfolded proteins as the primary 
function of sleep. 
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This is further supported by our gene expression data in neuronal inc-RNAi flies, 
in which antioxidant genes are strongly induced at baseline, whereas BiP shows just a 
slight and not statistically significant increase (Fig. 2.7). However, the ER UPR has 
been shown to activate the ROS sensor and antioxidant transcription factor nrf2 
downstream of Bip [205]. Additionally, we did observe increased baseline expression of 
two mitochondrial UPR genes (Fig. 2.7). Though induction of mitochondrial stress genes 
is expected in the context of high baseline ROS levels, which are particularly damaging 
to mitochondria, exploring the expression of additional antioxidant genes that are not 
under the control of nrf2 may be helpful in clarifying whether ROS-specific stress 
responses precede UPR activation in the context of sleep deprivation. 
It is likely that sleep serves an important function in protecting against both high 
ROS and protein misfolding, and these functions are not mutually exclusive, since 
changes in ROS can cause protein misfolding. While I demonstrated in Chapters II and 
III that manipulating ROS levels in the fly directly effects baseline sleep levels (Fig. 2.8, 
3.12), it has been shown that BiP mutants have normal levels of baseline sleep but a 
defect in recovery sleep following sleep deprivation [204]. Thus, the two types of stress 
may control different types of sleep homeostasis: for instance, daily fluctuations in ROS 
levels may control baseline sleep, while protein misfolding, the downstream effect of 
ROS accumulation, may trigger recovery sleep after sleep deprivation.  
 
Gene Expression  
Baseline induction of antioxidant and mitochondrial stress response genes in the heads 
of neuronal inc-RNAi flies provides indirect evidence that these flies have elevated 
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baseline neuronal ROS levels. However, verification in other short-sleeping mutants is 
necessary, and confirmation by direct measurement of ROS in the brain, such as by 
DHE staining of brain tissue, would be ideal. 
The gene expression pattern of neuronal inc-RNAi flies following paraquat 
injection provides additional insight into their susceptibility to oxidative challenge. The 
failure of neuronal inc-RNAi flies to induce catalase and hsp60 as well as their reduced 
expression of Pink1 and ClpX in the head in response to paraquat (Fig. 3.5 E-F) 
suggests that they may be redirecting to cell death pathways, rather than continuing 
induction of stress response pathways. Indeed, prolonged activation of the UPR has 
been shown to induce apoptosis [206]. It would be interesting to investigate the 
expression of apoptotic genes in the context of paraquat injection.  
Lastly, it would be interesting to compare gene expression in the head with gene 
expression in the body, especially since both ROS-inducing agents used to induce 
oxidative stress in Chapters II and III were administered through the body (paraquat 
injection into the abdomen and H2O2 feeding). Preliminary comparison of body and 
head expression has revealed a difference in catalase: catalase expression in the head 
is not induced at baseline (Fig. 2.7), but it is upregulated in the body compared to 
controls (data not shown). Additional measurements of gene expression in the body 
may also help to elucidate the cause of death in short-sleeping flies following paraquat 
injection. This information would be particularly interesting in light of the more recent 
data from flies overexpressing neuronal SOD1 and SOD2, which I found to be sensitive 
to H2O2 feeding. This result suggests that ROS levels in the brain do not directly 
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influence the outcome of exposure of the whole body to ROS, and instead indicate that 
antioxidant response in the body may have a larger impact on survival.  
 
Antioxidant Feeding 
Similar to the reduction of sleep observed in flies overexpressing antioxidants in 
neurons, I showed in Chapter III that feeding wild type flies antioxidants also reduces 
sleep. However, the sleep reduction by antioxidant feeding was more subtle than by 
neuron-specific overexpression of antioxidants. This is likely because antioxidants need 
to reach the brain in order to have an effect on sleep. Because this assay involves the 
comparison of antioxidant-fed and vehicle-fed flies, it is also important to conduct a 
CAFÉ assay to verify that both groups ate comparable amounts of food throughout the 
experiment. Drugs can be bitter and if flies avoid drug-laced food, starvation can induce 
wakefulness, creating the appearance of a drug-induced effect. This is a problem that 
has been addressed in the context of caffeine feeding in flies [207]. If it can be 
confirmed that flies eat antioxidant-laced food as much as control food, then this result 
supports the conclusion that ROS levels in the brain regulate sleep. 
 
Direct Measurement of ROS or Oxidative Damage 
I encountered considerable obstacles in each of the methods that I used to measure 
ROS levels. Initially, adding H2DCF to fly homogenate and measuring fluorescence in a 
plate reader assay yielded very variable results. I found that splitting the homogenate 
into cytosolic and mitochondrial fractions produced more consistent results, though 
differences were always small and often not significant. I did see a consistent trend of 
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increased H2DCF signal in heads from neuronal inc-RNAi flies compared to controls in 
the cytosolic fraction. However, I also consistently saw that neuronal inc-RNAi flies had 
lower H2DCF signal compared to the inc-RNAi control, and comparable levels compared 
to the elav control, in the mitochondrial fraction. It is difficult to interpret this difference 
between fractions. One explanation is that the cytosolic fraction reflects the overall ROS 
levels in the head directly following death; superoxide produced from the mitochondria 
is quickly converted to diffusible H2O2 which likely enters the cytosol. Since this assay is 
conducted in respiration buffer which provides live mitochondria with metabolic 
substrates, and ROS is a byproduct of respiration, the fluorescence levels from the 
mitochondrial fraction may instead reflect active respiration in the mitochondria isolated 
from the fly homogenate. In this case, reduced fluorescence in the mitochondrial 
fraction could indicate that neuronal inc-RNAi flies have damaged mitochondria that are 
not able to respire at the same metabolic rate as controls. While the results from the 
H2DCF assay do add some support to the hypothesis that short-sleeping flies have 
elevated neuronal ROS, evidence from other methods of ROS measurement are 
necessary to verify this hypothesis.  
As a less direct proxy for ROS levels, I measured lipid peroxidation, which is a 
commonly measured form of oxidative damage. Results from this assay indicated no 
difference in lipid peroxidation in the whole body or head of neuronal inc-RNAi flies 
compared to controls. This result indicates that, if ROS levels are high in neuronal inc-
RNAi brains, they are not so high as to induce oxidative damage. This is not surprising, 
given that excessive oxidative damage in the brain would cause shortened lifespan, 
which we don’t see in neuronal inc-RNAi flies (Fig. 2.1). If ROS does play a role in 
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regulating sleep, ROS levels likely fluctuate within a very narrow range in order to 
induce sleep without inducing oxidative damage, which cannot be reversed. It would be 
interesting to repeat this assay in other short-sleeping mutants—especially mutants that 
have a shortened lifespan that may be caused by oxidative damage in the brain.  
Finally, I measured ROS levels directly in the body using a DHE injection assay. 
This assay was particularly challenging for several reasons: 1) DHE easily crystalizes, 
which can clog the injection needle, 2) this assay requires large injection volumes, 
which often cause the flies to burst, 3) variability in mean fluorescence between 
individual flies is very high. Despite these differences, I did observe a very slight trend 
toward increased ROS in neuronal inc-RNAi flies, and a more noticeable increase in 
fumin flies. However, in both cases, injection with the control dye Alexa568, which has a 
similar emission wavelength to DHE, also resulted in increased fluorescence. This 
difference could not be explained by reduced size in the mutants, since I found fumin 
mutants to actually be slightly larger than controls. Another possibility is that Alexa568 is 
also sensitive to oxidation. Perhaps a better use of DHE would be to stain the brain and 
other tissues of short-sleeping mutants to determine if ROS levels are high. 
Overall, the only consistent and reliable difference that I observed was an 
increase in ROS, as indicated by increased fluorescence of the ROS-sensitive dye 
H2DCF, in the cytosolic fraction of head homogenate from neuronal inc-RNAi flies 
relative to controls. The data from all three methods used to measure ROS or oxidative 






Fig. 5.1. Summary of ROS levels and oxidative damage in neuronal inc-RNAi flies.    
Three methods were used to measure ROS levels or oxidative damage: (1) H2DCF 
assay, (2) DHE injection, or (3) lipid peroxidation assay. (1) To measure ROS levels 
directly in the head, fly homogenate from heads was treated with the ROS-sensitive dye 
H2DCF and fluorescence was measured in a plate reader assay. Homogenate was 
separated into a cytosolic fraction or a mitochondrial fraction. Significantly increased 
fluorescence in the cytosolic fraction relative to controls indicated increased ROS in the 
heads of neuronal inc-RNAi flies. Fluorescence in the mitochondrial fraction was 
comparable to one of the two controls (elav control). (2) To measure ROS levels in the 
body, live flies were injected with the ROS-sensitive dye DHE and imaged through the 
dorsal cuticle using an epifluorescent microscope to obtain mean fluorescence values. 
While there was a significant increase in fluorescence in neuronal inc-RNAi flies 
compared to controls, this was also the case when flies were injected with the control 
dye Alexa 568, indicating that the difference in DHE fluorescence was an artifact. Thus, 
the data from the DHE injections was inconclusive. (3) To measure oxidative damage in 
the whole fly or head, a lipid peroxidation assay was performed. There were no 
differences in lipid peroxide levels in the whole fly or in the head of neuronal inc-RNAi 
flies compared to controls, indicating no differences in oxidative damage. 






Rescuing sleep in short-sleeping mutants 
In Chapter III, I fed Gaboxadol to neuronal inc-RNAi flies in order to induce sleep, and 
tested for rescued oxidative stress sensitivity (Fig. 3.10). However, I found that 
Gaboxadol fed controls died faster after paraquat injection, which contradicts my earlier 
result that Gaboxadol-fed wild type flies survived longer after paraquat injection (Fig. 
2.6). Given that the same concentration of Gaboxadol resulted in very different degrees 
of sleep induction in short-sleeping mutants (Fig. 9), I suspect that this particular dosage 
of Gaboxadol was toxic to neuronal inc-RNAi flies and controls. Data from an activity 
monitor cannot distinguish between flies that are moving less due to increased sleep 
and flies that are moving less due to drug overdose. A better approach to this question 
may be to induce sleep genetically in short sleeping mutants using a FB driver and the 
sodium bacterial channel construct NaChBac, and then test for rescued oxidative stress 
response.  
 
Mechanical Sleep Deprivation 
While the result obtained from mechanical sleep deprivation in neuronal inc-RNAi and 
control flies suggests that sleep deprivation does not induce oxidative stress sensitivity, 
this experiment posed several challenges. First, paraquat injection and H2O2 feeding 
take days to kill flies, but I was unable to sleep deprive flies past 12 hours without them 
showing rebound sleep during shaking. Thus, sleep-deprivation was not occurring 
throughout the entire course of oxidative challenge. Also, once flies are removed from 
sleep-deprivation, a sleep rebound occurs. It has been reported that inc null mutants do 
not exhibit a sleep rebound following mechanical deprivation [44], but it would be 
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interesting to analyze the sleep data from these experiments following sleep deprivation 
to determine whether neuronal inc-RNAi flies are capable of normal rebound. If they are 
not able to rebound properly, then this would put them at an additional disadvantage in 
this experimental setup, and we would no longer be comparing flies with equal levels of 
sleep. One way to potentially solve these issues would be to increase the dosage of 
paraquat such that death occurs within the 12 hour period of sleep deprivation. Another 
factor to consider in the experimental setup is whether to sleep deprive flies before 
paraquat injection, rather than during.  
 
Reduced Sleep in Stress Response Mutants 
In Chapter III, I presented sleep data from flies with mutations in genes that respond to 
high ROS levels (Fig. 3.12). The sleep reduction and corresponding increase in bout 
number were striking in similarity between these mutants. This result supports a link 
between sleep and oxidative stress, but is confusing for a number of reasons. These 
mutants were initially selected because I expected them to have high levels of ROS, 
and was testing to see if increased ROS would result in increased sleep. However, 
none of these mutants have been characterized previously and oxidative stress assays 
yielded variable results depending on the concentration of oxidizing agent (Appendix III, 
Table 3.2). Because there are redundancies in stress pathways, it is possible that these 
mutants exhibit compensatory inductions of other stress response genes that 
complicate their response to oxidative stress. Alternatively, high ROS levels in the body 
may initiate a stress response that induces wake as an evolutionary adaptation to 
encourage the animal to move away from the noxious agent. A much simpler approach 
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to this question would be to drive expression of RNAi against antioxidants in the brain or 
in the whole body and measure sleep levels.  
 
Effects of Neuronal Antioxidant Overexpression 
Based on the logic that neuronal ROS accumulation in short-sleeping mutants may 
cause their reduced survival after oxidative challenge, I expected flies with neuronal 
overexpression of antioxidants to be resistant to oxidative stress. However, I found that 
overexpression of SOD1 and SOD2 caused reduced survival after oxidative challenge 
(3.13). One explanation of this result is that, as shown in Chapter II, reduced ROS 
levels in the brain decrease sleep, thereby increasing the fly’s sensitivity to oxidative 
stress. In this case, sensitivity to oxidative stress in short-sleeping mutants would be 
caused by a defect in the body’s inability to neutralize ROS, rather than the brain’s 
sensitivity to oxidative stress. Follow up with gene expression data in the body of short-
sleeping mutants, as well as DHE staining for tissues such as the gut, may help to 
elucidate this finding.      
 
Conclusion 
Though further investigation is necessary to answer these remaining questions, this 
thesis demonstrates, for the first time in Drosophila, a clear relationship between sleep 
and oxidative stress. The idea that sleep clears ROS from the brain was proposed over 
two decades ago, but never substantiated due to conflicting data in sleep deprived rats. 
The genetic tools now available to manipulate sleep in fruit flies offer a powerful new 
approach to these studies. Modern society is plagued by chronic sleep restriction, which 
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is associated with various poor health outcomes; thus, a better understanding of the 
biology of sleep is crucial. Using short-sleeping flies as a model for chronic sleep 
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Appendix I: fumin Lifespan 
 
Though it was originally published that fumin mutants have a normal lifespan [38], I 
found that they have a shortened lifespan (Fig. 1.1). Based on another report which 
found that caloric content of food can influence sleep amount as well as lifespan in 
fumin mutants [208], I suspect that this difference in lifespan is due to a difference in 
food.  
Yamazaki et al. found that, when fed a high calorie diet, fumin mutants sleep 
even less than originally reported by Kume [38] and have a shortened lifespan. This 
result is consistent with my observation: I found that fumin mutants sleep 95% less than 
controls (Fig. 2.5C, left panel) rather than the ~66% reduction originally reported, and I 
found that these extremely short-sleeping mutants have a significantly shortened 
lifespan (Fig. 1.1).  
We recently discovered that the molasses food used to raise these flies at the 
time of this experiment contained Blackstrap Molasses, which has an unusually high 
sugar content. Taken together, I suspect that the more dramatic sleep phenotype and 






Fig. 1.1. fumin mutants have a shortened lifespan.  
Short-sleeping fumin mutants have a shortened lifespan compared to controls 
(p<0.0001, n=167-179 flies/genotype). p-value was obtained by log-rank analysis. 
















































Appendix II: Melanization Data  
 
 
Innate immunity in the fly is characterized by three main immune responses, one of 
which is melanization, a process that produces brown deposits of melanin to help 
sequester bacteria at the site of a wound. Melanization requires the activation of an 
enzymatic cascade that produces ROS and other cytotoxic intermediates which aid in 
killing pathogens [209]. Particular infections, such as Salmonella typhimurium and 
Listeria monocytogenes, have been shown to induce a systemic melanization response 
in the fly [210]. This systemic response occurs days after the initial infection and is 
characterized by the formation of melanin deposits under the cuticle in various areas of 
the body.  
 I observed increased systemic melanization in short-sleeping neuronal inc-RNAi 
flies relative to controls after injection with Salmonella typhimurium (Fig. 3.1A). This 
systemic response was separate from wounding induced melanization, which I found to 
be comparable in neuronal inc-RNAi flies and controls at the injection site. Interestingly, 
I observed the opposite phenotype in long-sleeping dFMR1 mutants after injection with 
Listeria monocytogenes (Fig 3.1B). In this case, dFRM1 flies had reduced systemic 
melanization relative to controls, but comparable melanization at the wound site.  
 Though ROS is thought to be a byproduct of melanization rather than an 
activator of it, the melanization cascade is triggered by oxidation of the enzyme 
phenoloxidase; thus, differences in redox state in the body could cause early activation 
or a delay in the systemic melanization response. If ROS levels are high in neuronal inc-




Fig. 3.1. Melanization in short-sleeping and long-sleeping flies.  
Short-sleeping neuronal inc-RNAi flies exhibit a more robust systemic melanization 
response than controls after injection with Salmonella typhimurium (A, p<0.0001 relative 
to either control, n=23-28 flies/genotype). As a control, melanization at the injection 
wound-site was confirmed to be comparable between neuronal inc-RNAi flies and 
controls (p>0.05 relative to either control), indicating that the altered system 
melanization is in reponse to the infection rather than wounding. Long-sleeping dFMR1 
flies exhibit less robust systemic melanization than controls after injection with Listeria 
monocytogenes (B, p<0.001, n=17-21 flies/genotype), but have comparable wounding 
site melanization relative to controls (p>0.05). Data are shown as mean ± SEM. Each 
data point represents the melanization index of an individual fly. Melanization index was 
calculated based on the size and number of melanin spots on each fly. p-values were 
obtained by ordinary one-way ANOVA followed by a Tukey post hoc test to correct for 
multiple comparisons (A) or by students unpaired t test (B). Data from representative 


































































Table 3.1. The sleep profiles of a number of mutants, all with defects in genes that are 
induced by ROS, are shown. The mutants exhibited a strikingly similar pattern. The 
number of total experimental trials is listed to the left. Arrows indicate either a significant 
increase or a significant decrease compared to controls in an independent trial. Trials 















Mutant Repeats Sleep Bout	Length Bout	Number
cat 3 êê êêê ééé
cat/iso 1 é
GSTD1 4 êê
GSTS1 4 êêêê êêê ééé
GSTS1k 4 êêêê êêêê ééé
hsp60 4 êêê êêê ééé
hsp70 4 êêê ê
keap1 6 êêêê êê
nrf2 5 êêêêê êêêê ééé





Table 3.2. Stress response mutants have varied responses to oxidative stress.  
Stress response mutants were subjected to H2O2 feeding (1% or 4%) or paraquat (PQ) 
injection (3mM or 4mM). Individual trials are represented as either R (resistant 

















Mutant 1% 4% 3	mM 4	mM
Cat/iso S
GSTD1 R Nd R
GSTS1 R S	S Nd Nd
GSTS1k R Nd Nd S Nd
hsp60 R S R
hsp70 S S	S Nd R	R	S Nd
keap1 S
nrf2 S S	S R	R R	R	R	S
PERK S
